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c) Sraifc^iiSi:. 

S^jt^^a t FbI iSg ^ tbfcx ^ 7 ^ — i: . 

g) ai»©^^'y->±ic:±issw3ta?piii<^i®4fes-^ 

[000 1] 

[0 0 0 2] 

[i;e*WitJff&a«^§q;6S)SgtLJ: ^ it-^alS] 
[0 0 0 31 fli, Sl^x-r;^^^^?^:*^. r 

trt) , -<:^^^^^9 (JenOptik) &at/Up< 
7 • t^-f-' • -y-^yuv-ir^ h • $ y K . -<->^ Ui^^'y^ 
jx^.j^yyy^ (Luniera Laser. GmbH) (iioTSiiti 

^<y^ hi) (OPO) 

Ka^Sf^u— !ft'S)3, rro'>;^T-i>.{l. 1 9 9 8^ 50 
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10^278 l^^fT^ixtm^iril^ 1 t 2 0 0 1 ^ 5 

1 5 0fc:|gtT$ttfcl#rF3:i^2{ciov^r'7u>'>^^^'>' 
(Wallenstein) ic ioTg^^^^^^t. 2 0 0 1^5^1 
5 Blc:^fT$*tfc#ffFS:tt3IC*Jl^T^,^'^/u (Nebe 
I) (Cj:-oTg3^$ixTV^5. 1 9 9 8^4^ 1 4 0(C 
Wn^TClfzmt^-X^Akz.ia\^X=^^/\'Vy (Moulton) 
JCioTM^T^cFtLfct ^ 1 O(7D0i)ii, Q-f— ^' (0-Pe 
ak) JcioTgg^^ti, 5^ti!:<!:»ro3feiSr|s|B#{c|g^1- 
50POv-;^xi^5r<gx7t. Q;^'r s^f^ KD P s S u- 
if (Q-sw itched OPSS Laser) T-$3 5, 
[0004] Sftl^t^i^lili, U-i^r ^ ;^ 7* u^r 

7cSral7fc^|^|§(750iJ(i, v=ai-:/^->- (JVC) , 7.\) 

^r-l'y (Three-Five) , ir-u=7 (Aurora) , ^ 
Vfy^^)yzt:^ (Philips) ;ii^f>*iJfflBrtg/^fdral;*->-> 

y^v (Lcos) ^mm<Di.ofi:WMmi^-&m^ 

"r^D-^ • ^y-y^y/u^yy (Texas Instrument 
(DLP) f^y7'<Dj;p/i^^:J'n$7-. rU'-i:T' 
if-*f-f 5 2 2):7c^PJS(D?iJ,^J4, t 

y7^s">^^-^J;lJtl^^(f{-j^^^JSlgJjgi, Oi 2 0 

Hz) X'(DU~^y ^ XicM-tm^t\Ch?>. 2i*5c 

1 i5:5nx^<f ;^ SrSaicKif-^S r i: L 
T, 2^>:7c«^■C(i^^l3$^J|5s$^^r^^5, i 

— (Silicon Light Machines) CioTiSiS^^i, 
1 9 9 4^5^ 1 0 Blc:/yU-A (Bloom) telrJtUT 

'f h • /•'/I'y (GLV) t. 2 0 0 1^1 0.g 2 3 0(C 

^^r-y (Kowarz) lc*ftT36?T$lt:fc4$M:3:iR6Jc 

IBil!$tLfc:*^6,^,iyu-x-i'>j/|eiSlii, 2 00 0^ 
7 J 4 B(C7Tj?-»> (Ramanujan) ftfiic^tLT^fr 

[0 0 0 5] i^t-*/-?!?— CO'ar^cOU'— SJ^i/^^ 

(±^ ?^^(c:/h$/£:)t^fi<j;ia (optical volume) [a^^ 
>7*iL (etendue) Xli^^^^-v^a. (lagrange) ) 

3taSTfe-5, ai^jrv-ff^jj;^ f-osaft. 
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1-^>7i/7>->"a.J; U titji 5 0 0 Off fclt/h^V^ ^ 
[0 0 0 6] 7^'/WAX(4S|IIJjfelEISJS(DJ:5/£ 

nSl^<Oii:|ftf-^'X (linear size) (^fBl3fcifili||<of- 

t'^T. S^UVXfi, ■5Ilig^ii^fO#<o^S.^3t-f5 
J:5(c, ;4»/i!?(^)^PS (fast) (jJiJx.«f/3) 

ttS. ^Jxtf, -^^fi.Q. 9" <D*fft^/-?/u;r'i f / 
Sril^i-SJ; mtz. Omm(^7i/7>-:^iSr;t 

[00071 (7>^^-;^dr-*-^>i^(c:mLT) 35^ 
[0 0 0 81 3t2SOB^5$(c^S5iij^$^;^.{gy(j.^ 



?P U.^ <6rP>;4><7)7 >7'(CS^< A t irtei LT 

[0 0 0 9] I— i^m(4, S^r^^T'U-i'cD.BSWS 
U^iii^ -^^ 7^ (C is (t 5 ftffl O * fcSigrk pltg T' 

«/^3t-U'>;<;{CgHLT^^t-5. 5/ /Kill 



[0 0 10] ^-Js'^/L^^^ii^^Hi-sri^^j^s*!* 

o-f^l4, fi§*ft-^.jKSSr«icotf-AU:y h (beamle 
t:X«:/JMf-A) tc:5>Si|L. itix i^-- tFro n t - 
^^';^^rH^± U t g^^^PB^-ez^^{c:iiig$•^i•5 - 1 -cfc 
5, ^J;t«. 1 9 9 3^6^ 2 9 Bfc^;^^-^^ (Rasm 
ussen) ft!l(C»LT58fT$ixfc#ff3i:iSfc8Sr#BS-arJ;, 

o©;^jfe-C$>5, ^Jx.«, 199 3^ 12.^210 jch 
>yy> (Thompson) tefc:*f tT«ff $*X!t«rf1=:iti^9 

T^a-^tt^ 1 9 7 1^6^ 2 8 H(c-7->-lr> (Math 
isen) lc*^LT|gfT$#t?t4^|^Ji:Stl Olcie^^^TtJ: 

[0 0 11] ^-iy:^J\^i:l^^i-^mdi:mizmi>i,^ 1 
9 7 7^7^ 1 2 B(CD-y V (Rawson) icJtLrjgfr 

-■^-(4, ^SL^)5iE5i(cil^ips(c^3^^rt^:/^^ti^(f/j^t5 
•f. ■^:p•C/.c^^iiii^S(75^{W^±C-5i^^p - ttcfc 

V ^T ^-f-V- A ^tiWtciciL-t-S r i J: o r;^-:,.- 
^0 ^^^K^''^•^'-v?^ii,6<;(c3EYIi$■^^5^&^s/^SL^•^■Cfc 
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5 

icm^X^T>})i^7'>' (vanLigten) {zi.sxm^^ 
Ztnzi6\,^xi-i^ x^- 7^-- tfist'-^fe^g (be 
am expander) 0;S,^.fct3i>riH]^$ti.'5„ yu — u> 
^ (Florence) (i, 1 9 9 4^5^1 7 BJC^ff ^ix^c 

^^</i^yi:mM-r^z.t^m^Lx^^i,. ztihory 
n - 9^ (i , mm(n^myt^m^icmzi^-i,z rait 

(Butterworth) tefi, 1999^12^21H 

fefcy^-YX- T-r (fly's eye) (Oyt^mSi^m^'^X 

1 0 0 1 2 1 2001^11^270 (c^frS 

ixfci|*lf:S:«l 5lc:tJv>T h y (Trlsnadi) iz 

t'- A 5 Wit ft: $ ixfcfe^i 7" D 7 r f /I- Srei^-r 

^■^it>{zf&m&nmmmi^m^tii^si=k^mLx\,^ 

&mi-^<=Pm<DW-miiCMLX'^iMi^iv. ^\,^X. Z(0^ 

m(omm(t;^i:^D~>izMLxwx/ism^ti. rr-c, 30 

bf£^\ >^ffXWil 5 <D\^ l^y" Mt. h?>m&<D:^-<-y 

IHg ^ V ^ 5 i V ^ 5 iii^n°o»(c:|l3f6<j{c:j|^» 

U/i I. ^ t ^ > 9 »1] (r J; o Tfi+S(75^fc^5$tjps ^ V ^ 5 

t LXm!^$tltin6^f£-Ty<^ ::^XhZ(DX. itlttm- ■ 
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[0 0 13] mi^'/u-J::^-? f^^lJU—f^^^^^ 

fe^o rcortii, y^/\^J^m<o$^i^-mzmSLxm 

ua^m^\Zii\,^xmzhX{tt.i>, mm(07—'f-7Ti' 

= fc - u y h /jr3t<^ tr-i. r-Mit-f 5 ^ i 1:5. 
[0 0 141 i*^fc. 2FB^3t^|IISSrl^ffl L. ,Bg|t(^B^ 

100 15] 

[#fF:S:i»lJ il^iH^ffflSS. 8 2 8. 4 2 4^(Dmm 

So 

[#1^:5:1^2] *ll#tFB 6, 2 3 3. 0 2 5 -^-WP^tt 
[#ff^:i»3l *H#f|:^6. 2 3 3, 0 8 9#05?qiSl 

So 

[1*1^5:1^4] *ll!)$ffB 5, 7 4 0, 1 9 0^<D'^m 

[#S=S:K5l 5i€a#fF^5, 3 11, seo^-nm^ 

So 

(»I1=XSS6J *H#ff»6, 3 0 7, 6 6 3#05BJ|ffl 
S. 

[WfFXl»7] Jl^H^ffflffe, 084. 6 2 6 -S-roWiffl 

So 

l^ffXma] ^m^^ffms, 2 2 4, 2 0 0 -§-<oe^ifffl 
[#n=5:itt9l ^feffl#fi:»5. 2 7 2, 4 7 3^-<Dmm 

So 

[#f}=5C»l OJ *l|i|$ff^3. 5 8 8. 2 1 7^<K>m 

[#ff3ti»l U ^|e@?$|fff4. 0 3 5. 0 6 8f-O?g 

Is So 

[#fF5:«fcl 2] *|l#i?^3. 4 9 0, 8 2 7^(Dm 
[I'^fFSriai 3] ^leS^fFBS, 3 1 3, 4 7 9^0??q 
[#rF3tiS^l 4] *S#ffB6, 0 0 5, 7 2 2#(D?g 
[l^fPXiRl 5] *|1#|¥»6, 3 2 3, 9 8 4^©?^ 

IfflSo 

[0016] 
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7 

u-yXu-y McT/£-5r u-5:Wr'5 7 7'i'X. T'f • 

peckling) ^li^i, y ->±(z±fS^PBl3fe 

[0 0 17] 

it, ilBU'— •^x-r-^7*u--C->;^r-A 1 0 Ofi, BfrSro 

<75i'^-fii*^T-i*it^5U'— tf 1 1 o^-^^-c^^^., u- 
if 1 1 oli. mi.\m^^—f. 7 7^^<^_4P^ ;(/^ 

f-'^S («a|x.l^, N d : Y AG. N d : Y L F , N d : 
YV043^ttYb : YAG) ^^tf ^-f 3l— K U-— f Si 

O) ) iSr^tf, u— t^'i 1 Olcig^/i^- Kay 

GB t'— ftt. 7 • U-iF . h • $ 5. 

•f(l-®{C. iflSti «1. 5nm) i/Js^ 

''^3taSro7^^7i'-:^^M «0. 5Mm) tiiJElcSv^ 
= t-Ui';;^5CL (0. 175^10. 0mm) t^^ 
ii!D''D|fro*-^~ Kli'-A^^^t- 5, H 2 a IC 

^aia-Clt/TT tic < v^tSlff (cff,5 1/^ < ozJ^roSg^S:?^ t 

[0018] tf-Aa:;>c3t^^lg 1 2 0 14 U-if e-A ^0 
Srffi±LT. l^-ASf^3fc^^Sl 7 0(Ogga&|5^5£iS 

Afe±3fc^S^gi 2 Oft, ^Scuvxi 2 5 i:. =iy> 

-hU>Xi4 0i^iixTt^5„ ^»UVXl 2 5« 
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2rB»t'-Ai 3 Ofc^J^t-Oo /-hi^^-Xi 4 

0 (4*-co ^>XXi4a^u>xx'fc5 ^ t ^5 «Ig^-CS) 
t), %mif-Al 3 0iS:5pmb$tLfcl^-Al 4 5(C|^ 
m-rSo :i0^fTffc$ilfct*-Al 4 Sfix-f^^-f-' 

1 5 0Sa«l;^6<]»c$iH^!Brfl|/i^-:y^/i-|^*^iiiii 
eOir^gZf^fflU. <!>Cl'^T-$p5lct'-ASf^3t#S^fll 
7 0(c:j;oT^fk$-g:e,ix5, 

[0 0 19] miRXimZ afOU— fr'-f 

;o 7"Ai4, X ;^f6)(>ig < yiF[p]{c$^vN y=T^r^ 3t^sai§ 

2 0 0 il:^fflt-2,or\ t'-Ai£:Ac5t^^H 1 2 OSUf 
f-ASJi^^t^^Sl 7 OI4T:J-^yW7-< y^'tcflffijc^ 

-5o A§i6^!lCI4. y =TSr^3t^I^I§2 0 0^, 

T'^-tvhy y^^cA^•r53tofi<$l5^^^T• 
^S5t,^lt (flood illuniinate) "^5 r i^dsg* Lt^, jjij 

R§#t^5^f_A(4, ru- (x) :)j\^^2 57b 
317 Sramti\-imtE-t^i^—tj:%^uyy^;\^%:y^-^^ 

W (4, ASWlcW:i!&— :sLI4;!/!>;^li(^l,^•fH!i>(^5f-A7• 
^ ^'r-f/i'T-, 2 OTbmi 0 0 iim<Dm<r)?^=S:m!tt-t- 
■5. UlWfKWk^tLTt^-a-WU— 9-'7*^-;^7'U-^'->;^ 
T'AT-IS, y=7'^F^3t^|l|g2 0 OilCjf^Jfcf-i".?: 
*?t^f-ar5, XI43feWfcr— iK<?3^e,c4c$-g>jp-a:535||7'^ 
-Jt^^g/js, fB¥{t;rci7t»(c^-(oui^x«o3g||ru 
-='>'7'>f- 1 9 5 i LT;T^$ixTV>5o 
[0 0 2 0] tSoT, lll(^v'XxA|C*5t>T^— iFS 

tr- Afe;^3t¥^g 1 2 0 14T ^-:*Fi6j«^)^iic:|(i 

/NVu>^o:irf6] (x;^r6]) icf-i.^a:±-r5„ -ws-g- 
14. AS^3t^igjii 8 0tr:?-*yU7-f (R 
lS5?^cDS;fS) -efei9, 3t<^^N-!7-(4x:;^|S)|cffftL. y 

^^|e]lc*5^^Tl4 (3J;MTu-=:/T':/f-i 9 5^8^v^ 
T) t'-i^SJgJt^^iai 8 0(4, 77 

-ex- T-r • ^>'7^^U'— ^ 1 7 5^.g^/^,-j.(,>5_^ 7^ 

f'X- T'C • ^ Vt'^u— ^ 1 7 Sli^ y=TS(8J3t^ 
iiSS2 0 0K>Miie±{c5ai^fi<i;i^oi!S;-/iBa|t^^^-^ 
5o X. T'-Y • 'TVt'^U— 1 7 5(4, 

JCI4IH— efeSff KOU'VXU;/ hr 1 7 8a tW 

2(0U'>xu.^ hr u-1 7 8 b i4-^//fv>.5, ^i 

St>'02cOU>Xu.y hTU- 178a 178b 
IS:rou^^Xus, hiSr-^A/-Ci,>5, |g2 rou-vXi^y hr 

1^-1 7 8 bl4, |ll<DU>-Xu-y hTU'-l 7 8 a75» 
5>(il?^ 1 CDUVXu-y hru-1 7 8 a±(OU^'Xu 

hr u—l 7 8 a(c:*j(t5=fru>XU'S' K4 
M20u>xwy hTu-i 7 8 bicioftsm-f 5U 
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p 

hr U-1 7 8 aSO«l 7 8 b ISg/^oTV^-S^SHff 

[0 0 2 1] ^tvlCf-^CfcoT, ^lX0«^2OUi'Xl^ 

5/ N T U- 1 7 8 a SO? 1 7 8 b (i. ;^3?:fi7'7 

l4.%2 0U>-Xu-s, VTV-\ 7 8 b Srl^ffl-ar-f (Cit^ 
10 0 2 2] t'-AS?i53fc^ggl 8 0(±Sfc, 77^ 

>'7='^'i^U->Xl 8 5SU«li»U'>'Xl 9 OS^■^^T•^■> 
5o M2(DU>-XUs/ hTU-1 7 8 b(4, nVy'Vf- 
1^:^X1 8 5 taiilLT^lOUZ/XU'y hTU-1 7 
8 aO^S-S:'^U'VXu.y hSrZlr>(c»^-rS*^T-|g^ 

itiSSill 2 0 0 Ox u-fev h y y /iBB,|t^^if&-f 5 - 

1 9 0(1, i5i:ft;T\ Siltii^^S(0»^;^s^l[^^^yt^^X 

f^-xi 9 oi=i:^7'i'lM^vXi 8 z ii<nfmi%Wim. 
ic, ^W4rTU"fe>hy y^^(-^5^Ji,,-_^,-3^- 
>-^^^>Xl 8 5(7)«.^,^{::^LV>£<^j55fe5, 
xu-;^ hru— sa=='v-r>f-^:^xi 8 50ji^,gggl 

-e# 5 J: ^ y =r SBJ^feafHIi 200 

i^y h(i, til 0 0 |lim(iif©/^$^^^)©-ei>5A^ 3z. 

ll8nim*-CcDtI<0>:#$(75tjO-e4>oTfcJ:<, 

[0023] y =r srajfeseggs 2 0 0 ii, ffigopw 

IC, ii^<7)p^om-o|S2 2 0*:^-f5, 

•57"yXA(0J:?/i;^^r-ir:Ml, y-vtctofcoT 
iii«Oj»«rJ§?l U ^^y-:^2 1 5±ic:2i!fc7cwtsjg( 
li^S 2 2 5 Sr?i5fig1-5. 13 1 Sctm 2 a (cij^Sn^i: x^- 4 

Si^u>X2 0 5;4S;tf/u^<y/-^'$7-2 1 Olc^feff 
LTBBa^itfc. sK;^ h*f#) (post-objective) y^^^ 

3t^lSlg2 0 0i!5S4 Ommro:l$(OS!if^ffii|e^;tL, 
o;^^ry_^2 1 5±OBlfS(Oi®^6f-^'X;45i|ii3 0 7-< 
— f-^CfeSir-t-St, 1SI^U'>'X2 0 5I±~2 3 0 x(35 

[0 0 2 4] y=T^rfl3fcSEI^|g2 0 0(C|±. 
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fi5fet'-i^>^7°y yr^- v^'T'y (la.T^-tt-r, ) 
t ^^mi-i,tzi^iz y =T2W3t3CllSII 2 0 0 t ifjw< 

it(cf-^*DoT, D-Tmmt/tmmi^2 0 0 it. 1994 

^5^3 0(Ci^nx (Gross) fC^fLT^ff $;Hfc*H 
#fPS5. 3 0 9, 1-7 8■^<0?^fflST'SS|$tlT^^5 

T'Aitfc'-Atceii-rs, rcos-g-tt, 35^7 -f/u^ 

(H.T^-y-f, ) SrS]^U'>'X2 0 5l^§|5(^7-y3iS(c 
ESf sr. i:l;iJ:o-c, y 
^0 1 9 94^5.^ 1 0 B 

1, 3 6 0^r(omm^ (#ff5:iS{5) |Ci5iie^;^V7t^W 
—7-'{>'V • 7-Y h • ^VU:/ (GLV) t, 2 0 0 1^ 
1 0^ 2 3 B(c:=ryr-';'»c*M.TI6fT$nfc*S#lf 

me. 3 0 7, 6 6 3^<D^mm mvfxme) 

^i^fz^m.^.yi—y'^iy-^f^mmt. 2000^7^ 

6. 0 8 4. &2 6^(ommm mf^xwti) (ciEi^$ 

»-^ic(i, \y—fS§ef-^:f~yu^iooii^ti, %\f 
-•ASr^raillc:|6];S»oTiSlB|$*, i»oR|t$tifc f- 

fflrtx»fe5) , 

[0 0 2 5] l^-if 1 1 Oil^-^SjgJt^^ai 8 0 

i®li2 0 0S:^t-5lllSVia2 aCOU'— 

1 0 Oc75^-g-, T^^-^^-f-'i 5 0 t^yt^ 
*i^-CI4li!fc5cT'fc5o 1-Jii:5t,r-<7^-f-'l 5 0(4, 

3fev<ypyr (Iiai-ei4x;^i6)) {^fe^ox 

7^ei/>^*ic-r5, rwi^ijTcof-c^a-if 1 5 0(4, 

SLSr^ U iii^fetc^ ur3fc«r*A1-5 li i-rofttSLSr^ 
^•rsr <!:l4/£(,\ 0iJ^W/ili^7cWx-f 7=.— if(4, 

>A;^^7"x-c*,»u' (MEMS Optical) ;J»e,fiJ^BrtB'!claI ' 



-6- 



f 



// 

I — -yay (Physical Optics Corp. ) ;)^5>?ijfflpltg/i 
[0 0 2 6] i!#(C, x-f 7a.— 5 Oli, 

5t>'x-f 7;.— 1 5 0(OfiittJi]gtR$n5, 'y7^7-J^ 
T»a $ix5 3tro^«(0ii£:«-i: rogue J; o •cgt;t * 

[0 0 2 7] -0iJt UT. 4 0 mm« y ^rsr^m 
^i^lS2 0 0 t f /I OroSj^Wi^X2 0 5 

9. 2 2mniro[tg^#-r5ipfTfli$nfctf-A(iJ:o 30 

0. 3 iim;!i^ej~l. OniinlCtm*!)P,ix. jt^-f^ 

ifi^fixli, y=T^|g3t3fIlill2 0 0lC^-<=*^:x7 
(specular) i73 f / 1 0 f-A^^ti^S - i:;^?-^^ 
SfoT, ii]E/ix-<7a.— if 1 5 0(Oii^^:^L 

[0 0 2 8] y'^y^-ifi 5 OttHBgJcu— tf3to = 

^ix/iimff, cixtt, y=T^ia3fe^ks§2ooxo? 
p, , ± t LT y =r3£w^^igs 200 [O^-tm 50 
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M^Wi^-t^yy^X • T-< • vx^^u— 1 7 5(i 

7='-f7^-if 1 5 0(Oi?(iSSrit^$-yr5. rtvli. x-f 
7^— tJ'l 5 0/i>f>ro^^ro^4^J:y -TSrslJfc^I^Sg 
2 0 0±-C«m$-tJ:5rt(CJ;o-C, 'i^-yX 7^ i7 ^} -y 
2 1 5±Wliftlc*Jl,NTfim$-ti-5::ilCj;-oT||iat- 

i^^^rm^mz^Z^^,$i^it^n7.-<y^Mi. yy^ 

[0 0 2 9] *l6W<0±fc5B6<jtt. fiJ'-fe/Hk (pixi 
late) $^^;fc*^->;^xArotti;^cD;<-<3'^'/^:^6^^-f 

5alC|£ a»©iii*©^^/U>-7'(Ctofc-pT#SL*^o 
tT-fefittST-n 7Tf /^?r3tfcr-Arofi:i5 fg (CfcTtoT^ 

SlSOtr^tp) ^r^&ffl-fsrt-^, ^^tii, 135 bic 

0 '^^^?i^7t7•^7T'('/KcJ;l5|t?B(c^^J^^L-fct.<^i:/£ 
5o HIS b(iJ:!9 7>^^A/j^fi:fa7•B7r1'/^^S^L. 

<3fc»S«tt;i5S;i5ffi:ffi7*B 7 r-l'/i'rojtSrSttTV^ 
5o CTx«Pg-r5SCiSliS5:9- (modulator sit 
e^ m<ni'uy.\^-^i,.c,±zi^iii)ihZ. 125 cic 
^ 5 Hfc J: p ^ejffflsejx ii»JlM«i<e T-a 7 r /w^ 

x(immm6<]t£msyay7^j\y(t:;^^y^,u^js^^^ 

fcft. *ISBjtc^5«^jg/£i!if^^-Kfi. us biz^$ 
n/5:J:^/<cfa:lB7-n7r'('^uSr4^f 5t)(^-efc5, * 
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[0 0 3 0] ^mmoi^—fT'^y^yi^^ 1 0 oicMffl 
^iiHiiSii^/i 7t!^ t m'&xmm ^ t # > 

^W(C7 h' U7.i^^-rz r t J: D . ^^6«i(c»J:^pr|g 
1:5, ffiftT'n^r'f/HCS^-rs -ro^SdJl, 

[0 0 3 1 J m%m\zmm-^mti:^-<yi7ji'^^mm^ 

ffita 7° n 7 7 /I'^ds yK^<SJt->. t (trans I 

ate) 1-5*fe-c?, U— !fS»7'vf;^7'^^(^3t^->^ 

^ jv^i:^mmi 6 0 5^3t^v':xxA--•a■g• 
^rf/i'^mk^-iirSciilcioT. 3ttf-i* offing 7* 
( 0 0 3 2 I 11 3 ^^m-Ti t . *«?gco U— !f SI^t' 
ig/£^'<3'^'/Hi**^iaigi 6 O(^i^iroiiiS0ij^5,T^$ 
l§ 1 6 0 14, r K u;^mS;4s^«6/j;a»(oa!iiliS6^j.(^ 40 

B#FBlXI4{4^g(^jljS^^±-f 5. ^-^^i^^^mzi.*) 
2 0 0 1^8 J 8 BlCffiH^^t. itfcSEa^^fclBl^ 

^.S=f(^7ieB#i?£fi^->yr/i'»-§-Bo 9/9 2 4, 6 
mcoi, NT r (c:;^^ t © J: t) i¥ L < LTV > 

So 

1 0 0 3 3 1 m%^i,zmm-^mfj::!^-<-yi^jm^^mm so 
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N 

16 0(4, -iScOilgiJC0^i^S§a55>3 5 0, 3 5 5. 3 
6 0 4^i'5r*1-5^<yP^m^3fe^S.«3 7 0^CixT^^ 

#^i®Sia5:»3 5 0(4jiig^Jl|e3 8 0^*U, 
t*-A 3 2 0(4, ±fSiijimi|t3 8 0 SriioT, ±95^ 

<S3 8 5 tT^ms4 0 0 t(Dmi:z^Mi^Hi)mnizrs 

'ALxmmxiiit^commizmm-riio 7t«t'-A3 2 

0(4, A:>jy7±-yh3 4 0^-ft-LXy</Ui'm^yt^& 
«3 7 OJCAItL, ^•«??^(4^illSS:«ifLTtHy37r 
-try K 3 4 5 7i^e>tUlti-5, 
/O [0 0 3 4 J mm&<](CSlJ»Brtg/j;;^^.y^yH^^^|@|g 
<SrSlJit-r ^ fca0co®m3t^«-i^<^iiJ)?te(4^# < #ffi-f 

Ast>*p L z Tzis^^tLTv^s, iBfmfk^iasfc*, m 

-^(Cga-r5Jii^oaiSgrcO'^-W4, i<kLT6 33nm 
TfiBM $ 5 ^ > /l-gg y A Srffi^-f 5 r t (c jo < 

m^^m^mm-^\i. jELv^w^sffi^^ttTv^sri 
?o Sr»liEr5J;p(cffiii:u/i»mtf/ie./ii,\ ^jx(i, r 

t V ^fc* (c, ^Eilf g|55}-(c:?e o T^gt+frco^- 
^-T-;*ct l/N'ElBiiaSrlg^^itS C ids pIligT-fcS, 
Lt^UiiiiC). ^S(4, EPJD$n.5a#iSigd|o3[jE;'i 
*ft*:/hLT5fe^ (optical field) tffiSf^^-fS J; p 

[0 0 3 5] ^:x^f/ugsy5^^7Aro^, z::X'S^^ 
fiX^^i^isim^]^<y(:tty:fjyyX'Wim$ti. rtil4. 
5td5 y *(6](C)ftoTfia5 L,, m^iii z ^fiUzm^X^M 

SSr:/)-LTiifTl-53t(4x;&l6] (g|*|p]) (cf&oTfijt 
J:5(C3t(/5eJ8:^(filSrctti:P?^, (at:EI3, 114 

so^ii 6 (4, m^^^^^(^ftit<omm6^^mm^im. 

ffl tTtN5<0{C*J-UT, 111, 02, US, msRUfm 
10(4, 3t;iS2tt(c:?&oTe»-r5, AMW'i3t^05jffi 

JK^^fc^fflWag-Cfe^zJS, -(0»l(/3^i|fiSJT(4y*-;/ 
[0 0 3 6] [114(4, 3fc(Of-A3 2 0;4S^!IIS§royi* 

(c?soTe»LTi,^5tt^(o, w,mz$m-^m^£y^^ 

<OXtl7r±iy hRX/tiitl7 7±'y h(4, SltES±3- 
7^^- v^;4S$tT.TVNtv(ia^6<jTfc-5t(,Nx.5. $ 

ic, ^v'yu ^(t&nm^^^^i,zmW}i-^(Dx. mm 
s^^op^ktm-im^ fj:^mA^bmmiz§im-t^ z t t^s: 

SgTfeSiVN^ wt(4^Sa^ixTVN5!g;,SiSfe5, m% 
ifii\zum-^mf£:^^ y i; /v^^^m^ 1 6 0 (4, t, N < CL 
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[0 0 3 7] ±^mm 3 8 5 i T 

r-fes, ±mi. il3<Ox:&(6]ic:«joTi®^$tLTv^5 
J: p ic, ±^m,m 3 8 5 i TS?aS 4 o o t roPn^SrJSa^ 

[0 0 3 8] 

[ifcl] A (tc/^) n3 r 3 3 1 V/d 

[0 0 3 9] ii:ir-^>75^-5J;9lc. fetS^fkA <(.l±> EC 

yf^i'AWr 3 3#»i:wHI»-Cj>5, 5mm;d»e,5 0 

mmS r-C0eaSCi5$i 5 0 0 n m(Dm^ t0<D7.^^ 

5. 

1 0 0 4 0 1 SVS 3 S:#Bg^5 1 , SIS:ro^^|Sgp^}- 
3 5 0, 3 5 5, 3 6 0(4> ia4cOK^SIl(Cjj%$jT,fet. 
5nc^^<o;^l>(^>ffil^{cJ:oTiii^$i^T^^5c ± 

Sfpma 3 8 5su5T^m«i4 o o la, ^^^liSBrj^^iij 
mxhi,o ^mm^umx ^f£^mami£. ^^£^t 

t $ Sr*tj$-r 5 $ P, (c:lSit $ it 5 ^ < ft 

fcffi:t(75-^x.?)ix)tl:^i7)ifflii, i&^&,T(Dm7i^^1c^ 
M'0(7^S.Vm{iL(7>mtXm^TtlXh':>XhJ:^\ 50 
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[004 1] iastss t T%nM(r>m^<r>mmi/^m *) # 

5o Lfc2.1H4(^|/jfm, ^</w^'m^3t^S.t5 3 7 
0fCtJlt5^rB^l;ftTOm»Sr^gglCl-S, ijjf^ 

itmCi2il!t>bitf£\,^Zti^h^<DX\ HSW. /•!j'77 
^4 0 5 (lll4Sr#SS) i: LTf^ffl1-5J:p/img<OT 
<^S i 0 20J: 5;i#!|Bft i:t3tc/-?^->^t:$i^5::i: 

/o i?)ic, ]) ;\^mmxim(DmfSim\zxfi?>^mm4 

1 0;Js?g^$^^T^^Tt)J;^\ 

[0 04 2] 03 Rxj^m 4 »a«W(c:^i» BrH6^<cm^^ 
5. mm^^^ii. i--^x(Dmmtm^^x. xn. mm 

20 «0 5*><J5gi5^^^. 0iJx«®«4 2 0. 4 2 5X0^4 3 

5o «l<73mS(4jKgjlijii(Oi/8Sr^^U, 
j? 2 <omffi(4«SiigM<^ 1/16 » 3 <;51HS 

h?>, mizmx.x. mmit^^^mm'AP^x-mmiZ'o 
^'xmwnc^m^tii>zttii-simx'h^ftit. Rmt^ 

[004 3] lae bictt. u— !fSj^x^;^7'n'{^i3 

^^xm&timM.mzmm'^m.fi:^^ y^/i-m^mm^(D 

7 S3 9 0. 3 9 2, 3 9 5Srlow|fiS|ggi5:9- (^RRtf 
3 5 0) rtlc8||SLTEaU i6»og!fSLfc/j5<©3g 

n^tis^j-rfl-ems 390, 397, 399 offis^-f 

l^«l<0,^^{±, »^-t-5gEISIfS|5i>3 5 0, 3 5 5, 3 

6 orfli, ¥-(^^issa5^>3 5 o^t(r>m:)7xm,m^ 
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5, 1213. me aRX^m6h\Z7n^j^tzh<0\:^mzh. 
[0 0 4 4] :^^-yi^/u<Dmmii. m:^!^<r>&^yuy 

[0045] m%mzmw^m^j::^^-yi^/u^^^mm 

T::l^)^:i:75S.^^$^^, ¥ffi±(05p^f ''i^gf 3 2 5 

^tT^^5, 0 7 bli;^$tLA:t Sfii|i§|J:9-3 5 

OlClffiiS^iD^n, SftLfciSSa 3 0;4Sr'/W;^;i» 
f)ato^^T^^5, ig7cSt/7d«:, S^WlcfiJ^njgg 

6 O?)S3t^->><;xi^rt05*^ 

[0 0 4 6] m^mzmm-sim^i^^y^ji-^^^m^ 
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/5 



hV -yi' I— -f (0«#I4 0 . 1 5 . 0 

mm) '7)|5[i;cfofc5=3t-U>;^fi4-;^-r5Jf^;<iSfo 

[0 0 4 7] -:Ijx. ^fs.mzmm^mti::^-<y^/m 

^t-uv;^:grow-f' (OPOSi^— f^) tffii^^t-g- 
*3-fr5itr% l5!i:<S*6<j(c(iiijgint-Ui^^g 

ttm-^x-it. m^6(}izmm'simfj::^-<yi'/i^f^^m^^ 

^<^='i:-'i->y^iki:±miZ&mLX\,^tltS (A*>C 

l) . m.^mzM'm^mfj::^^yi:^/}.m^mm^i6o 

(ommizi. y) $ b(c::*c#7ijfij6<j3amSrlim-r.5 ZtiiX 
[0048] ;^-:s/ ^/K^mSttSreai-S - i {c*j»t 

i:. I'— !J-*a^7'^-;^7"U'^ 1 0 0rtt?•E•^^;4S^effl$i^ 

gg^ie^-i 3/ ^' /l-S^^^iili 1 6 0 (4. 1 2 alz 

40 ^tiiitzi:o{Z77^ y( • • ^■'r^U—^ I 7 5 
wmiOUVXl^.;/ hTI^-l 78 a(C5fefTUTiaa$ 

9, L< (4|Sj^ic:77'('X • • y^i/u— ^ 1 

7 5OM2<0U>-Xu-y HTl^-l 7 8 b<omJCiE{E$ 

1 ^^^^(TJx^nV ;^ (sramSliS 2 0 
0) ^,^.W■r^fc^^)(c;ffiffi$i^^AM6tI^^77^x • r 

■ ::^Xu.y hr u- (i 7 8 aSVi 7 8 b) {::*3(t5u. -- 

50 >XUs/ h(OiBic (N) fiJtei«'>/i<. ~6:75M2 0 
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«J6*ll^i5: (M) W®«Lyi:iiJ^Sr(»;tTl^5ru-T-fe 
oT. 2 5 6|@i 4 0 9 6|i(OPf!3roiiiJffifCiai:A/i'<0 

SfflHas^^^Jili* (P) »4, ;^'<y^>'Kom^tt4r{g:ig$ 
(N) (ct2^ia#|©iii^^ (M) lcfc$(sifiS#t/j: 
[0 0 4 9] m^6<H::SiJ(»Wt6/j:;^-;.;,j7/t.^*^ligil 

(4^-f■'3tK'-Aco=.t-^>;!;:g(CJt•^T/^$^^ (A 
*«Cl) iv>9*ftT-Ci!if^Lrv^5i:<g;t1--5i: 

i e o n ? a TSMia ? d {ctjtts j: 

^mMiU^iii^-ri,:Lb\cfi:i> (p>N) , mMi^p^ 
ISl 6 Qtmi(DU>X\^'y hru-l 7 8 alC^feff L 

S&2 0 o(c*tLTiii»*«;-e&5ig 1 (7>'>^xA-c(t, 

^Xus' hTU-7l^f,l;/M!g-C't1i-#,aiS (DOF) J; 
DOF) , 

[0 0 5 0] mmc^ 12 2 b(OT^^tL^J;5(C, ^^6<I 

xus/ 7 8 a iSawu'^xuy hru-i 

7 8 b i(^rHT(cJoV'>T|f^2(0U>'XU'y FTU— 1 7 8 

-i->^'/HS^*igISSgi 6 0!i:$«(cj:oTSiou>'X 

i^2(75U'VXUy 7 8 b(7?g^(;:, jJi-oS • 

CO :^X U 3/ K 7" 1 7 8 50 



I i 

#B^2 003-279889 
b i:3>7='>.->M^vXl 8 5 torBKcffig^nSZtt 
«^Bg^.c;^'<3'J?/H^*^ii^l 6 0(cioTSI^$n 

(softness) Sr^i$-fr5, 
[0 05 1] ^tLjdf-^i^oT, m^6<)f3SJ»Brgg/j:x-J 

/o ■yi^/i'l^afe^Iiggi 6 oiasu-i^'jfeco^t-uv 

«(iu:^Xi^s, h«|@|Si!)^< (p>N) , 

7^-^f^O»«K-r5¥SO-T7w-/PK (fitilf) (egg 

*SSl9Si 6 OH:. iS^^-eii, igKou^xi^y hru 

- 1 7 8 a ©affJXtta^lcEa^tt. ;4^o^|j;-eii# 

SE^^ffi (^ra?t3flilli2 0 0(c:*ji>riii^ip®ic^t 
ft-efes, ) <^=r7-r-/i'KF«9 «ioxdof) i;: 

[0 0 5 2] cixjc^ftT, ^ftWlc:*J^9^tg/J;^'<3/ 
if/HS^^^a^iilil 6 0*5. ^ttlCioTWA^ttSfiiti 
»f3fc^i 1 o*>e,Ojtco=it-u 

cofi^il^-Tfet) (P = N) , ;i>o^-^co^ail|gi55)- 
2)si^>-xu5. hru-i 7 8 a(^)5■t,o#x.^tLfc^'>' 
Xuy h&t5lElBliS^S:iiiiii-53tf-A(cov>T. 

ssj5t^ias2 0 0(^*31/ ^T,Ba,it$tl5^s^s 
i'/^^^^m^i 6 Ofimiouvxu-j/ YTu-n 

I'-l 7 8 a t*2COU>'XU3' hTU-l 7 8 bO 

ra, '-<(i^2«)u>'Xu-j/ hr 1 7 8 broa:^ 
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[0 0 5 3] ^ti\c{xt>^x. n.n,&^\cmm'^m^j:^^ 

(P) t^U:yX\^yV(DmWL (N) (P>N) 

S2 0 o^Tj?^>^ y-:/2 1 stcfcfcoT^t-u^;?^ 

^imi,(D\zm\^x^it^^. t-u^ f./^^ 

P = 8XN) . m^W{cMSlprtg?fc;^-<5^iJ^yUBfe*^IS 
5§1 6 0(l^l(^U>Xl/>;/ 78 afd^fefrL 

x^m.^K^-tt^'^mxh^t^. i^^m^u^ii^-^m. 

(cit«iLT^^(;o^Il^$5^;dS#4-r'5(D-T? (P> 

N) , 6 0 

6 OlimiOUVXUy I^T-U^l 7 

(^rfl3fe^iss§2 0 o(cjov^r^ij^¥®^c*s•c$) 

5o ) C0-T7>r-/uKrt «10XDOF) IC#^£L 

Cl) t^^j:^±%\,^m^\t (2f«-3ffir3^li-7XiU 

10 0 5 4] m'^^i-^t. U—ifT^^f 
lOOIt, ^^-^-y^yu^^fia/^^igBfk (de-correlati 
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^:7^— f 1 5 o^^ffll-^r^d, ^(7>^?;!3/^y:/^ 

{its ^fiS#t7t(r)fiiicogB5>|c^ L r -ti^S ^gSrS^ 
^ 1 0 0\zisi'f:5y^^y^yuijS:mr^tzib{z{t. 

m^(D'^^^yznimmi'^^o{z^ ^^y^-^\^ 

0^. x>f y'^-iffciy-rco. iEife(^. Xfi^v^i. 

^m^^BMir^mw\mm\^^m^^^z.}it^^^xh 
y y vi^<omw^^'0'}K^\^^<oxfs:\i^m^hfi\i'' 

(>40Hz) o 2fcf-. ^^^'^/Wl^lSttfi, il^CO 

J:*?, ^ ^^^<^->^W^m'ct^^b\z^^x 

[0 0 5 51 -tcos^&i/Kimctt^Lr. 
>':^^y^\t.^^'^y'=^^'^mztm'^wmmzm^^ 
+^^Mimm)^^K.^:Lti)^x^^, ru-^/^]{cit 

^2 0 0^^fflLT^ff$i^7tSJ^^>:^ri^coS^, S 

l^^tli^mo y ify Vi;?^!. Id jSIt $ fumtX-^ 

Yv^x^xAi 0 0\ty'>(y^-'f\ 5 0?iLT-ffifiic$iX 

[0 0 5 61 Hi icam 2 a <^3^^T U-3t^^gfi. 
/cTt'loORSL-^X-Cfc^J^Hr U—ui^rfVf-l 9 

rti^ y ^r«1^^ia^ 2 0 0 <h <n^'E.\'^Wi(r>itmz 
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^ w (csKii pitg^f ^ 5, >7 5 Tfe cotes: 

^^^i£^>S^5fe5o l^fc. (Moulin) co4$ 

2 40^^ffiLr. ^^U— 5 0^0^fc:-^' 
5, f-A;^7'y rxiJ^r 2 4 Oil, l^-if(D=ib — 

^lf-AU>y h 2 4 5PBl(03t^^S|(DS$(^|| (Ad) 
**"rS-ig(^fc'-AU:y K24 5*^-^5. (R) 

iSi-ii. 3fc¥!Sgi(;)|^ (Ad) II, iO(?:>3t 

^T-y iy^r 1^-2 4 OcOffltfc^^ 7-11, 

(241a) ;i.(bS^(0^7- (241e) ^tiSfJSfe 

SltLTV^5o t'-i^^^T'y >yi^ru-2 4 0ll. 
t-- 2 4 0l±, Rf@t7:>fc:'-AU:y ^^^ffiLT1I'^U- 
dx, Ad 2, Ada, /£if--) ^xifT-r5C0T% 



^'^^ 2003-279889 
J' h 2 4 5(cT4^S^/u-7';d55:v>{c:=2 t-uv 

/O [0 0 5 81 ^m^^j: t'-i. 1 1 5 11, 

^/M5-JSWTfe5o ) . t'-i^U'^' h 2 4 5<;)-ett^* 

Jla:j$r v7^^S-^ft;4c^^^^j;.^ r'.f 1 5 0 

tmx^i\.x\^^, T^-<:7^-if 1 5 OflSfc, ^S-g^L. 
-if fcf-i.2 5 0^^P>{-M5^75^i§-(cL^^ont-u 

20 Wi%^m^2 0 0^c:*5V^TSS#t^?:^i!&-$^efe^iL;^^o;^ 

wO^-g^ll, miOlx>'XU':y hru—l 7 8 a;65*h' 
— -6.1^5/ h 2 4 5\CMB(DU>^X\yy hirf^M^'^^X 
5{C^ff $nTV>5fc*!). ^tr— Al^y h 2 4 5ll3t>'^ 

XU-/ 7 8 a^C5l 7 8 b ICfl, /i>/^< it 

^tfMXRfi(DU'>XUix ;^^y_;y2 
1 SdibMt^a^ll, RflitOU—ih^fcr— AO#>«r;d^ x 

^x . r-r • u-vxu^/ h(^^T. sa^;^^ y —>{z^ 

^r^i^-f 5w<t-Cfc5o MX R<acO>^^2/^/W>'^ — 
it. Mnm:im'm-^m^j::^^y 1^ jm^^mm 16 0^ 
&>^L^.CV>4&'a^, XIIt^^ 1 5 0;!)Si6f^L/c^(/^ 

^y^f\^^.^'Smm\ 6 osriiiDLT^ p)icefc#$tL 

5o t*-A2 5 OrtcD^r^S^/^atr-uv^ 

lllS(cMM?t^^^ (significantly variable) X^h^tz 

( A 0 < c L ) tis^^^tiit. m%mcmm-^mti::^-< 

y^ym^^m^l 6 0^^fflLTt:'-i.U:y h 2 "4 5 

S 1 6 0 (1. ^tit)^ t:'-jUM?F^3t^^a 1 7 0 <75*Siif 
JO' lfe^SC0P^T-7.r->ri.K (^^^i3i« (DOF) 

13- 
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•9^f»l) (C^StSiptC, u— ify'-i-^ru^ 1 0 0 
f^lcSIl CD UVX U :y h T 1 7 8 a iCjfefT LTieg 

2(DUyXu-y hTl^-l 78 biCig^LT. H 2 b 05 

[00 5 9] rix^-Ctt, PiftT'-^Sre^-^Sfcft 
«<^icO;4S#fe1-5;65. mm^^yVuy (LCD) X 

• r-r • UVXu-y 7 8 (a, b)Srffiffi 

■r-f 7 3.—- 5 Ott, 12 1 irv';^xixT 

— Tj^u— v-av (Corning-Rochester Photonics Cor 
p.) ^^?3 7>^^A{k$^Xit-r>('^'n U-VXTU— t LT 

[00 60] 133, 04, 1^6 aSVEle bfCl^aiOT^ 
^IBSi 1 6 Zi<Dm.^ti-^%m\i. 1 ^>:5n3JI4 y ^rox 

1-5 wt I;: .to, 2!i>:7c<om§lW(cSJ®«rtg/<c^'<s.i? 
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^il§|(Or u— Sr1r-r5 u—f-'x^ v'^T^i.rt 

[006 1] 0'!lx.tfl2i9tt, LCDcOj; 

/O — tff-i. 1 1 5Sr*5:ltt. I— if fc'-Ai 1 5(i, gt 
f^it^m^ miBv'-(:^^u^ 2 5 5) Srsa^t-r^fc* 
t'--^fe:*:3t^i^{ll 2 0<!:7'-r7^— tf 1 5 Oi 
i^-ASfl^jt^Siai 7 0 irjcio T^iOIIS^HS, 
!5*:i'^T-, SuiSoi^ic:, x-i- i 5 o i: , 77-1- 

mS.X/:^^D->2 1 5lC±5»t5 2JJC7cfCipfc5;^'<y 

tltS/iO, ia9<0'>X7^i.T-(4, 2!«>:7E(D^^ y-> 

0 ±(om^(t^^izi:'^xm^^ti^(DX'H^£< ^ jgj^u 
>^2 0 5^Sr«ffl1-5Ct(cJ;oT^fa3tlESIili (?Sr^ 
x^-;^7-u-^ 2 5 5) Sr;^^'y-V2 1 sf^iiE^ic^^ 

^7'yy^2 6 5«riiia-f5, feefB7'^;^7'U^ 2 5 5 

:^X2 0 5JcJ:oTx^y->2 1 s-vtisjit 
iE^$ix)t, iif«*±^-f-5)ti^-A2 7 5»i, iiifei^ 
-A^T-y y^^a 6 5d»p,S3t*tL5, (HJtz5S|lIte$ix 
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LASER PROJECTION DISPLAY SYSTEM 

FIELD OF THE DVVENTION 
The invention relates to projection display apparatus employing a 
5 la5cr as a light sauce. More paiticuloily, the invention relates to laser projection 
display apparatus having nieans for reducing the appearance of coherence-induced 
artifacts and speckle in ftie display. 

BACKGROUND OF THE INVENTION 
Projection display systems for^e display of video images are well- 
1 0 known in the prior art These systems can take the fomi of a white light source, 
most notably a xenon arc lamp, illuminating one cr more light valves or spatial 
light modulators with appropriate color filtering to fomi the desired image, the 
image being projected onto a viewing screen. 

Lasers have been known to be attractive aJtcmative light sources to 
15 arc lamps for projection displays. One potential advantage is a wider color gamut 
featuring very saturated colors. Laser illumination ofFcrs the potential for simple, 
low-cost efficient optical systems, providing improved efficiency and higher 
contrast whai paired with scwne spatial light modulators. One disadvantage of 
lasers for projection display has been the historical lack of a cost-effective laser 
20 source with sufficient power at visible wavelengths. Howcv'cr. such lasers (albeit, 
still high cost) are now produced by JenOptik and Lumcra Laser, GmbH, and are 
mode-locked, diode-pumped, solid-state lasers, each with a nonlinear-optical 
system featuring an optical parametric oscillator (OPO) to simultaneously 
generate red, green, and blue light This system has been disclosed by 
25 Wallenstein in US Patents 5,828,424, issued October 27, 1998, and 6,233,025 

issued May 15, 2001; and by Nebel in US Patent 6,233,089. issued May 15. 2001. 
Another example disclosed by Moulton in US Patent 5,740,190, issued April 14, 
1998 is developed by Q-Peak and is a Q-switched DPSS laser with an OPO 
system to simultaneously generate red, green, and blue light. 
30 Spatial light modulators provide anodier component that enables 

laser display systems. Examples of two-dimensional spatial light modulators are 
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reflective liquid crystal modulators such as the Hquid-crystal-on-silicon (LCOS) 
modulators available from JVC> Three-Five, Aurora, and Philips, and micromirror 
arrays such as the Digital Light Processing (DLP) chips available from Texas 
Instruments. Advantages of two-dimensional modulators over one-dimensional 
5 array modulatora and raster-scanned systems are the absence of scanning required, 
absence of streak artifacts due to non-imiformities in the modulator array, and 
immunity to laser noise at frequencies much greater than the frame refresh rate (> 
120 Hz). A further advantage of two-dimensional spatial light modulators is the 
wide tolerance for reduction of the spatial coherence of the illuminating beam. On 
10 the other hand, some valuable modulator technologies can be readily fabricated as 
higj] fill factor one dimensional devices, although the two dimensional 
constructions arc more limited. Examples of one-dimensional or linear spatial 
light modulators include the Gfrating Light Valve (GLV) produced by Silicon 
Light Machines and described in US Patent 5,3 1 1^60 issued May 10, 1994 to 
15 Bloom et al.; the confonnal grating modulator, described in US Patent 6,307,663 
issued October 23, 2001 to Kowarz; and the electro-optic reflective grating 
modulator described in US Patent 6,084,626 issued July 4, 2000 to Ramanujan et 
al. 

Although high power visible lasers offer new opportunities for the 
20 design of projection systems, including the possibilities of expanded color gamut 
and simplified optical designs, laser light is in other w^s not optimum for use in 
image projection systems with spatial light modulators. In particular, lasers are 
very bright sources, which emit generally coherent light within a very small 
optical volume (etendue or lagrange), Etendue is the product of the focal spot 
25 area and the solid angle of the beam at the focus. Lagr^ngeis the product of the 
focal spot radius and the numerical aperture. For example, a single mode green 
wavelengtli laser with a diffraction-limited beam has a lagrangc of about 0,3 ^im, 
which is about 1 5,000 times smaller than the lagi^ange for a conventional white 
light lamp source, such as an arc lamp. With such a small lagrangc, lasers can be 
30 used very effectivefy in raster scanning systems, including diose for flying spot 
printers and laser light shows, where a tightly controlled beam is desirable. 



t 



(22) 



■ 3- 



2003-279889 



On the other hand, b an image projection system, b -which an 
image-bearing medium such as a film or a spatial Ught modulator is imaged to a 
screen or a target plane, the high coherence and small lagrange of the laser is 
ultimately undesirable. In such an imaging system, the lagrange is determined by 
5 the linear size of the projected area (size of the spatial Hght modulator) multiphed 
by the numerical aperUue of the collection lens. The related quantity, etendue, is 
calculated similarly. In many white light projection systems, the projection lens is 
quite fast (W for ©candle) to collect as much light as possible. Even so, die 
typical white light lamp source oyafiUs both the light valve and the projection 
10 lens, and significant light is last. For example, in a repttsentativc system using a 
commoa 0.9" diagonal hght valyc and an f/3 projection lens, the optinimn light 
souice would have approximately a2.0-mm lagrange to provide prapa- filling 
without overfill. However, a standard white light lamp, with a typical lagrange of 
2- 1 0 ram, is not sufficieatly bright and wUl generally overfill this representative 
IS system. 

In the case of a laser display system using image area projection (as 
opposed to taster scanning), the opposite problem arises, the lasers being too 
bright Furthermore, it is not desirable to illuminate flie spatial light modulator 
with a coherent source, because of the potential for intciferencc effects, such as 
fringes, which may overlay the displsryed imagei Diffiaction artifacts can arise 
from illuminating the grid electrode pattern of a liquid ciystal panel, an X-cube 
with a center discontinuity, or any dust or impeifections on the optical elements 
widi a highly coherent beam of light. Tlitrefore. a reduction of the souice 
brightness (or an increase in the source lagrange) is a necessity for such Iteer 
25 projectron systems. 

A defined reduction of the source brightness can also provide an 
important opportunity. The projection display optical system can be designed to 
optimize and balance the system requirements for rcsohition. system light 
efficiency, and system simplicity. By defining the system f-number on the basis 
of a criterion other than system light eflSdency, the specifications on other system 
components such as the pnjjection lens, color filters, and polarization optics can 
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be eased, dramatically reducing system costs compared to some lamp-based 
projection systems. 

While laser sources can be optimized for use in projection display 
illumination and imaging systems, there is tbe consequent major disadvantage of 
speckle to be dealt with. Speckle arises due to the high degree of coherence (both 
spatial and temporal) inherent in most laser sources. Speckle produces a noise 
component in the image that appears as a granular structure, which both degrades 
the actual shaipncss of the image and annoys the viewer. As such, the speckle 
problem, as well as the historical lack of appropriate la^ser sources, has inhibited 
the development of maricetable lasw-based display systems. 

The prior art is rich in ways of attempting to reduce speckle. One 
common ^proach is to reduce the temporal coherence by broadening the 
linewidth of the laser Hght Other qjproachcs to rcdudng the temporal coherence 
ore to sph't the illuminating wavefront into beamlets and delay them relative to 
15 each other by longer than the coherence time of the laser, see for example US 
Patent 5,224,200, issued June 29, 1993 to Rasraussen et al. Dynamically varying 
the speckle pattern by vibrating or dynamically altering the screen is another way 
of reducing the visibility of the speckle pattern; see, for example, US Patent 
5,272.473 issued December 21, 1993 to Thompson etaJ. Another speckle 
20 reduction approach involves coupling the laso- light into a multimode optical liber 
and vibrating the fiber to cause mode-scrambling as described in US Patent 
3,588,217, issued June 28, 1971 to Mathisen. 

Another family of de-speckling solutions uses a diffusing element 
that is moved or vibrated within the projector system. Typically, tbs is done at an 
25 intermediate image plane, as disclosed in US Patent 4,035,068, issued July 12, 
1977 to Rawson. One disadvantage of this approach is that the diffusion must 
occur precisely at the image plane or a softening of the image wiU occur. Also, 
the projection lens is complicated by the requirement to provide an intermediate 
image plane. A means of dynamically varying the speckle pattern by dynamically 
30 diffusing the laser beam in the illumination path of the device would be 

preferable. A hologram illumination system utilizing this ^proach has been 
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disclosedby vanLigtcn in US Patent 3,490,827, issued January 20, 1970, m which 
a difEiiscr is rotated in the focus of abeam expander. Florence discloses in US 
Patent 5,3 1 3.479, issued May 17, 1994, illuminating a light Yalve through a 
rotating diffuser. These approaches have the disadvantage of not being adaptable 
5 to unifoim cffidcnt illumination of a rcctangul ar spatial light modulator 

Butterworth et al. in US Patent 6,005,722, issaed December 21, 1999, discJose a 
system in which a variable-thickness plate is rotated in the illumination of a light- 
pipe homogenizer. When used with lasers, though, light pipe homogenizers 
require either a large numerical aperture or a substantial length to achieve 
10 sufficient imifonnity, and offer less control with fewer degrees of design freedom 
than systems designed with fly's eye optics. Therefore, it is harder to control the 
illumination brightness while fx-oducing a umToim illumination in a compact 
BystenL 

Finally, the laser prcjccrion system disclosed by Trisnadi in US 
1 5 Patent 6,323,984, issued November 27, 2001, describes a design in which a 

wavcfiront phase modulator is used to impart a structured phase profile across the 
imaging beam. Image data is imparted to the beam by means of a linear GLV 
type spatial h*ght modulator. This modulator is imaged to an intermediate plane 
where the wavefront modulator resides, and the intemicdiatc image is 
20 subsequently re-imagcd to a screen, with die image scanned out duough the 
modon of a galvanometer. This system relies on the fact that a static phase 
profile, which is provided by die wavefront modulator, is imparted to tiie line 
image in the narrow (in-scan) direction. At any instant of time, a single point on 
the screen will be iJluminated by one point on the phase profile The total 
25 intensity at a single point on the screen is the "incoherent" addition of all the 
phases. Further the phase profile of the wavefront modulator must be such that 
die interference effects from the high and low phase steps generally cancel each 
other out. While the system of die *984 patent does provide some speckle 
reduction, the fact that wavefront modulator is located at an intermediate image 
30 plane within the imaging system, rather dian within the illumination system, 
compromises the system performance, as the phase changes are Limited by the 
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constraint of not significantly effecting image quality. Also, as the 
aforementioned waveiront modulator is a static device, which is constructed as a 
passive spatially variant pha^e grating, it provides less control and variation of 
phase than an active device, and therefore potentially less speckle reduction. 
5 Another disadvantage of using a laser as a light source in an image 

projector is the susceptibility of interference or the occuirence of diflfciction 
artifacts in the Kght valve. This is especially true of liquid crystal modulators, 
wherein the thin-film Btmcture can result in fringes in the image due to non- 
uniformities in die film layers. Diflfiraction artifacts arise from illuminatijQg a grid 
10 electrode pattern in the lightmodulator with a highly coherent beam of light 

There is a need therefore for a laser-based display system that uses 
a spatial light modulaior, allows control of the iUumination brightness to pptimizc 
system design, and exhibits reduced speckle and eliminates coherence artifacts at 
Che spatial light modulator while exhibiting high throughput efficiency. 
1 ^ SUMMARY OF THE E^VENTION 

The need is met according to the present invention by providing a 
display apparatus that includes a laser light source for emitting a light beam 
having a coherence length; a beam expander fbr expanding die light beam; a 
spatial light modulator, beam shaping optics for shaping the expanded laser beam 
20 to provide uniform iUmmoation of the spatial Ught modulator, the beam shaping 
optics including a fly's eye integrator having an array of Icnslcts; a diffuscr 
located in the light beam between the laser light source and the beam shaping 
optics; an electrically controllable de-speckling modulator fcr modifying the 
temporal and spatial phase of the light beam; and a projection lens for producing 
25 an image of die spatial light modulator on a distant screen, 

ADVANTAGES 
The present invention provides for a laser display system in which 
speckle is reduced in the projected image by means of an electrically controllable 
de-speckle modulator positioned within dae illumination portion of the optical 
30 system. This method of de-speckling, using an integrated design widiin ±c 
projector, means that the operational performance of the system does not depend 



1 



(26) 



12 003-279889 



10 



on external means, such as the vibrating screens, which may vary in appJication 
and design from one theatre to another. Additionally, as this de-speckling means 
functions within the illumination system, rather than within the imaging optics, as 
is more conventionally done, speckle can reduced to below perceptible limits 
without impacting the on screen image quality. Fuithennore, by tuning the design 
and operation of the dc-specklc modulator within the illuminaticm system, this 
system could be optiinized either on-the-fly with a feedback system, or 
progressively, as the laser source and spatial light modulator technologies evolve 
over time. Finally, this system should be mechanically and electrically robust, 
h'ght efficient, and insensitive to mis-aKgnment. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a perspective view of the laser display system with an 
electrically controllable cloctra<>ptic dc-spcckling modulator and a linear spatial 
light modulator according to the present invention; 
15 Fig, 2a is a cross-sectional view of the laser display with an 

electrically controlled clcctro-optic dc-spcckling modulator and a linear spatial 
light modulator according to the present mvention; 

Fig; 2b is a cross-sectional view of an alternate configuration for a 
portion of the laser display optical systan depicted in Fig. 2a; 

Fig. 3 is a perspective view of a first version of the electrically 
controllable electio-optic de-spcckling time/phase delay modulator used in the 
present invention; 

Fig. 4 is a cross-sectional view of the first version of the time/phase 
delay modulator used in the present invention; 
25 Fig. 5a is a repregentation of the phase profile of the output of an 

optical system exhibiting visibility speckle; 

Fig. 5b is a representation of the phase profile of the output of an 
optical system that has reduced visibility speckle; 

Fig. 5c is a representation of the phase profile of the output of an 
30 electrically controllable de-speckling modulator exhibiting cross talk; 
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Fig. 5d is a chart of the relative phase delay between adjacent 
modulator sites for an electrically controllable de-speckling modulator with both 
lateral and time varying phase perturbations; 

Figs. 6a and 6b are perspective views of alternate electrically 
5 controllable de-speckling modulators that can be used in the laser projection 
display of the present invention; 

Figs. 7a and 7b illustrate the effect of a modulator of the present 
invention in tcnns of an unaffected wavcfixint and an distorted wavefront 
rcspectiYely, in the case of incident collimatcd light, 
^ ° ^igs. 7c and 7d illustrate the effect of a modulator of the present 

invention in terms of an unaffected wavefront and an aborted wavefrant 
respectively, in the case of incident convergent light; 

Fig. 8 is a cross-sectional view of an alternative embodiment of the 
laser dispbiy system according to the present invention, incoiporating multiple 
1 5 delays on the order of the coherence length; 

Fig. 9 is a cross-sectional view of the laser display system 
according to the present invention using a liquid crystal display light valve; and 
Fig. 10 is a cross-sectional view of an alternative embodiment of 
the laser display system according to the present invention using a micromiiror- 
20 array light valve. 

DETAILED DESCRIPTION OF THE INVENTION 
Laser display system 100 according to one embodiment of the 
present invention, is shown in perspective view in Fig, 1 , and includes a laser 110 
that emits a laser beam 115 of a desired wavelength in either a continuous or 
25 pulsed fashion. The laser 110 can be, for exanqde, asolid state laser, a fiber laser, 
a gas laser, or a semiconductor laser. Laser 110 is preferably a diode-laaer- 
punqjed solid state laser including alaser crystal (c.g. Nd:YAG, Nd;YLF, 
Nd- YVO4. or Yb: YAG) that emits infrared pulses of light and includes nonlinear 
optics (typically optical parametric osciUators (OPOs)) that convert the infrared 
0 pulses of light from the laser crystal into red, green, and blue pulses of hght 
Mode-locked RGB lasers suitable tor laser 110 are manufactured by Lumcra 
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Laser GmbH and JenOptik. Another suitable laser is the Q-switched RGB laser 
developed by Q-Pcak. For simpUcity, the lasa- display system 100 is depicted for 
one wavelength only. These lasers gcneraUy produce high quality single mode 
beams, which hare moderate laser Hne widths (<1.5 nm), small source iagninge 
values (<0.5 pun), and moderately long coherence lengths Cl (O.l-lO.O mm). 
Laser display system 100 is shown in cross-sectional view in Rg. 2a, to clarify 
some aspects of the design not readily sbcnm in the perapective view of Fig. 1. 

Beam expansion optics 120 expand the laser beam to produce a 
collimated beam 145 with the necessary diameter to nominafly fill die apcrtmc of 
beam-shaping optics 170. The beam expansion optics 120 can be, for example, an 
afocal pair of lenses, as is well-known to one skilled in die art of optics. 
Alteniatdy. for example, a three clement zooming Galilean or Keplcrian beam 
expander could be used The afocal pair beam expansion optics 120 comprises a 
divBiging lens 125 and a coDimaring lens 140. The diverging lens 125 can be a 
single lens or a confound lens such as a microscope objectiYe, and transforms the 
light beam 115 into a diverging beam 130. Hie coUimatmg lens 140 can be a 
single or a compound lens, and transforms the diverging beam 130 into a 
collimated beam 145. This collimated beam 145 interacts with diffiiser 150 and 
an electrically controllable de-spedding modulator WO. and then is fimher altered 
20 by beam shaping optics 1 70. 

As the laser display system of Figs. 1 and 2a uses a Imear spatial 
light modulator 200, which is long in the x direction, and narrow in the y- 
direction, the beam expansion optics 120 and beam shaping optics 1 70 are 
constnictEd anamorphically, and generally use an appropriate atrangement of 
25 cylindrical lenses, lii particttlar. itis typically desirable to flood illuminate hnear 
spatial Kght modulator 200 with a long narrow line of unifom telecentricaUy 
incident light. For example, the iUuminating Ught beam may have a unifomi light 
proHc extending 25-75 mm in the array (x) direction), whereas, the narrow cross 
airay direcUon light only illuminates a 20- 100 pm widtti, lypicaUy with eiflier a 
30 unifomi or Gaussian beam profile. In the simplified case of the laser display 
system of Fig. 1, the ctoss oiiay optics, which condense or focus the beam of light 
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onto linear spatial light modulator 200 are shown for simplicity as a single lens, 
cross array condenser 195. 

Thus, in the case of the Fig. 1 system, for a laser piojection display 
using a linear spatial light moduktor 200, the beam expansion optics 120 work in 
S the array direction only, and are thus anamorpbic, providing beam e^^ansion in 
the direction of the linear light valve (x-direction). In Uiis case the beam-shaping 
optics 180 are also anamorphic (cylindrical cross-sections)^ with optical power in 
the X -direction, and flat surfaces in the y-dircction (except for cross array 
condenser 195). Beam shaping optics 180 includes a fly's eye integrator 175. 
10 The fly's eye integrator 1 75 provides cfHeient, uniform illumination over the area 
of a linear spatial light modulator 200. The fly's eye integrator 175 includes a 
first Icnslct array 178a and a second Icnslct array 178b, which are typically 
identical. The first and second lenslet arrays 178a and 178b include a plurality of 
lenslets with cylindrical surfaces, arrayed in a one-dimensional pattern. The 
15 second lenslet array 178b is separated fromthc first leoslet array 1784 by 

approximately the focal length of the lenslets on the firat lenslet array 17«a, such 
that each lenslet in the f^st lenslet array 178a focuses light into the corresponding 
lenslet in the second lenslet array 178b. Other designs are possible in which the 
first and second lenslet arrays 178a and 178b are different, but are matched to 
20 provide flic desired illumination. 

Alternately, the first and second lenslet arrays 178a and 178b can 
be int^rated in a single block of glass orplastic. Also, the invention can be 
accomplished without the use of the second lenslet airay 178b| especially if a 
small diffusion angle is used 
25 The beam-shaping optics 180 also includes a condenser lens 185 

and a field lens 1 90 located behind the fly's eye integrator 1 75. The second 
lenslet array 178b, works in combination with the condenser lens 185, to image 
the lenslets of first lenslet array 178i in overiapping fashicxi to provide on area of 
uniform illimsnation at the Hnear spatial light modulator 200. Field lens 1 90 
30 provides telecentric iUumination of th^ linear spatial lig^ modulator 200 in order 
to desensitize the system to dcfocus cnors and to minimize the total numerical 
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aperture of the illumination. Field lens 190 nominally has afocal length equal to 
the Icnslet focal length multiplied by the magnification of the illumination image. 
The spacing between the field lens 190 and the condenser lens 185 should 
likewise be generally ecpial to the focal length of the condenser lens 185 in order 
to make the iHumination telecentiic. The focal lengths of the lenslet airays and 
condenser lens 185 are ^ically chosen to provide sufficient working distance 
near the linear spatial bght modulator 200 that flic opto-mcchanics can be 
designed wi A relative ease. While individual lenslets may be as smaU as 1 00 fim 
in widfli, or as large as ~8 mm in width, the individual lenslets are typically 1-5 
mm wide. The range of available lenslet sizes docs depend on the manufecturing 
technologies used. 

The linear spatial light modulator 200 generates a single line 220 of 
the image at any moment in time. A scanner such as a galvanometer minor 210. a 
spinning polygon, or a rotating prism sweeps the image lines across the screen to 
1 5 fomi a two-dimensional area image 225 on the screen 215. In the case of the laser 
display system 100 depicted in Figs. 1 and 2a, the system is configured as a post- 
objective scanner, with projection lens 205 located priorto galvanometer mirror 
210. As an example, if linear spatial Kght modulator 200 has aa active area 40 
mm long, and the desired image size on screen 215 is 30 ft. wide, then projection 
lens 205 would opwate with a magnification of -230x. 

A variety of different technologies can be used for linear spatial 
Ught modulator 200. Aa simplisticaUy depicted in Figs. 1 and 2a, this device is a 
transmissivc modulator, which encodes the image data in the light beam by 
modulating ttie light in some way. This device, for example, could be an clectro- 
25 optic modulator airay made from PLZT which rotates the polorizauon of the 

incident light on a per pixel basis. In that case, a polarization beam splitting prism 
(not shown) would be located somewhere between linear spatial light modulator 
200 and galvanometer mirror 210, so aa to separate die modulated and un- 
modulated portions of the light beam. Alternately, the linear spatial light 
30 modulator 200 could be a transmissivc acoustooptical anay device, much liie the 
device in discussed in US Patent 5,309,178, issued May 3, 1994 to Gross which 
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imparts a phase profile to the incident beam on a per pixel basis. In that case, a 
Schlieren type optical system can be constructed by placing a spatial filter (not 
shown) at Fourier plane internal to projection lens 205. ReflectiYe grating 
modulator arrays can also be used, such as grating light valve (GLV) described in 
5 US Patent 5,31 1^60. issuedM^ 10, 1994 to Bloom etal.; a conformal grating 
device as described in US Patent 6^07,663, issued October 23, 2001 to Kowai-z; 
or an clcctro-optic grating as described in US 6,084,626, issued July 4, 2000 to 
Ramanujan et al. In these cases, the laser projection display 100 must also be 
modified to deflect the Ught beam down onto the modulatcK- and return the 
1 0 reflected beam into the system (such modifications are not shown in Figs. 1 & 2a 
but are within the ordinary skill in the art of optical systems design). 

A diffuser 150, is disposed between the laser 110 and the beam- 
shaping optics 180, to modify the brightness or etendue of the laser light to match 
the imaging requirements of the projection system. In the case of the laser display 
15 system lOOof Figs. 1 and 2a, which has a Imcar spatial light modulator 200, 
difSRiser 150 nonrinany is also one-dimensional. That is, diffuser 150 only 
diffuses light along ftc length of the light valve array (x direction in the figure), 
while leaving the beam nominaUy unaltered in die y-direction. The one- 
dimensional diffiiser 150 produces just enough difiusion in order to efficiently 
20 illuminate die li^t valve and not enough to inlroducc flare light at the imagp. 

Exemplary one dimensional difiuscra include diflfeactive line generalora, available 
from MEMS Optical, and elliptical holographic diffusera, available fiom Physical 
Optics Coip. 

In particular, diffuser ISO is employed within the illumination 
25 optical system of the laser projection display 100 in order to reduce the source 
brightness (increasing lagrangc). The diffuser angle 6b and the location of the 
diffixscr 150 arc selected accordingly. The lagrange of the system wll be 
dominated by the product of die illumination beam profile half-width oa the 
diffuser 150 and die half-angle of the light scattered by the diffuser 150, The 
30 desired system lagrmge may be inferred from the specified image resolution, 
which in turn depends on the resolution of the linear spatial light modulator 200 
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and the imaging properties of the projection lens 205. By comparison, in the 
typical lamp based projector, the system lagrange will be determined by the need 
to maximize system light efficiency. As a rcsuft, the projection lens for the laser 
display may have an f-nianber in the £^7 to f/1 5 range instead of the f73 required 
by the prior art lamp based systems. The actual design target for the lens f- 
numbcr will dqxaid on the imaging criteria specified to detcnninc the quality of 
the leas (for example a Rayleigh or Sparrow imaging criteria could be appliei^. 

As an example, the combination of a40 mmlraig linear spatial 
light modulator 200 and an CI 0 projection lens 205, will specify a target lagrange 
of the projection system of ~1 . 0 mm in the X-direction. In this example, the 
diffiiser ISO can have ahalf angle 8d = 5.0' and be placed within the illumination 
system such that it is ilhiminatcd by a colliraatcd beam with 22-mm diameter, hi 
this example, the lagrange of the laser light will be reduced from - 0.3 fim to ~1 .0 
mm, and a specular fTl 0 beam could be provided to spatial light modnlaior 200, 
15 assuming the intervening optical systemhas the proper magm'fication and lens 
strachire. Thus, through the selection of the appropriate difluser 150, tiie lagnujge 
or brightness of the effective laser light source can be defined to match the needs 
of die optical systan, thereby boosting system Kght efficien«q» and simplifying the 
optical design, as compared to a tradititma] lamp based system. 

While diffiiser 1 50 does reduce the coherence of the laser light to 
some extent, the laser light will remain sufficiently coherent to impart speckle mlo 
the outgoing beam Unless this speckle is further reduced, it wiU be present at 
both the linear spatial Ught modulator 200 and the screen 215 as an undesired 
random variation in light intensity. However, the fly's eye integrator 175, which 
primarify provides unifonn fllumimation to the linear spatial hght modulator 200, 
also amplifies the effect of the difSiser 150 on de-speckling and artifact removal. 
This comes about by overiapping many contributions firon the diflEliser 150 on the 
linear spatial light modulaior 200 and thwefbre in the image on the screen 215. 
Although the resulting speckle within the iUuminating light at the linear spatial 
light modulator 200 and screen 215 is significantly reduod in size and magnitude 
compared to a similar system withont the fly's eye integrator 175, this remaining 
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speckle can still be objectiOEable in critical applications. A projection display, 
which combines a very high to screen magnification, a high gain screen, and 
observers viewing the screen near the human visual acuity limits, is such a critical 
application. 

5 A primary purpose of the present invention is to provide a laser 

projection display that employs a combination of internal means to de-speckle the 
output of a pixilated optical system. Speckle in such a system can be reduced 
when adjacent pixels or groups of pixels are not perfectly in phase with one 
another either spatially or temporally. A locally unifomi ph^c profile, which 
10 extends across a group of pixels, and which can exhibit speckle is shown in Fig. 
5a. The present invention uses means (includiag electrically controllable de- 
spccklc modulator 160) to alter the phase profile shown in Fig. 5a across an extent 
of the hght beam such that it more closely resembles the profile shown in Fig. 5b. 
Fig. 5b shows a more random phase profile in which at any given instant in time 
15 adjacent regions along the x-direction sec dijfferent phase profiles. Also effective, 
would be a geomeUy that provides a periodic or quasi-periodic profile as shown in 
Fig. 5c, which can for example originate with crosstalk between adjacent 
modulator sites. While periodic or quasi-periodic phase profiles reduce speckle, 
other undesired artifacts may be introduced by such periodic phase stmctures. Foi- 
20 that reason, the prefemed mode of operation according to the present invention is 
one creating a phase profile as seen m Fig. 5b. In aprefened embodiment of the 
present invention, the laser projection display 100 includes an electrically 
controllable electro-optic de-speckling modulator 160, having a series of 
modulator sites that receive control signals to provide localized random phase 
25 changes to the incident light, thereby helping to reduce speckle visibility in the 
images displayed by the system. It should be noted that there need not be a one to 
one conrespondence between the pixds of the spatial light modulator in the optical 
system and the modulator sites of the electrically controllable de-speckling 
modulator 160. In fact the optical system need not be pixilated at all, and for 
30 example could use an analog medium such as film for the image modulation.. 
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The electrically controllable de-apeckling modulator 1 60 used m 
the laser display 100 of the present invention provides enough variation of phase 
within the light beam that the vicwei' or viewing system receives a reduced 
speckle image when the modulator is used in conjimction with an appropriate 
5 optical system. By independently electrically addressing the modulator sites, each 
site in the electrically contiDllable de-speckling modulator 160 can introduce 
phase delays in the Hght beam widi respect to the neighboring sites. A different 
voltage or voltage duration is qjplied to each site (or group of sites), dius 
producing a phase delay corresponditig to as much os sevet^ waves of 
10 propagation in the light. This variation to the phase profile significantly reduces 
die appearance of speckle. By picking a voltage distribution that spatially 
provides a perturbed phase front and varying it in time, both spadal and temporal 
phase variation is introduced itito the light beam. 

The electrically controllable de-speckling modulator 160 is 
15 included in the optical system of die laaer profection display in such a manner that 
its' controllable spatially varying randcan phase pioffles translate into a reduction 
of speckle. The electrically controllable dc-spcckling modolatOT ItfO reduces 
speckle through a reduction of coherence, or a randomization of phase in a light 
beam spatially and/or temporaUy. The inclusion of the electrically controllable 
20 de-speclding modulator 1 60 in the optical system serves to effectively scramble 
the phase profile of a light beam by varying the refractive index profile in the 
medium through wliich light travels. 

Referring to Fig. 3, tlierc is shown a fkst example of an electrically 
controllable de-spcckling modulator 160 of a type that could be used in the laser 
25 pirijection display of the present invaition. The dectrically controllable dc- 
speckling modulator 160 is a patterocd device iiwhiding a collection of 
addressable modulator sites that produce controlled time or phase delays with 
respect to adjacent pixels in accordance with signals, or data provided to 
individual modulator sites, CommonJy-assigned co-pending USSN 09/924,6 1 9, 
30 filed August 8, 200 1 , by Ramanujan ct al, describes the design and operarion of 
de-spcckling modulators in greater detail than provided here. 
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The electrically controllable dc-speckling modulator 160 comprises 
a bulk electro-optic substrate 370 with a series of individual modulator sites 350, 
355, 360, etc. Each modulator site 350 has a delay region 380 through which a 
beam of light 320 encounters a time or phase delay in relation to the electric field 
5 applied between top electrode 385 and bottom electrode 400. B cam of light 320 
enters bulk electro-optic substrate 370 through an input facet 340, after which it 
traverses the modulator, and exits through output facet 345. 

The choices of electro optic materials from which to build the 
electrically controllable de-spcckling modulatur are numerous and include 
10 Lithium niobate, lithium taatalate and PLZT. For the sake of simpUcity, further 
discussion of the parameters for the electrically controllable de-speckling 
modulator will center around the use of lithium tantzdate illuminated at 633 nm. 
but it should be understood the geometry is qjplicable to a variety of materials and 
illumination wavelengths. If a different material is employed, caie must be taken 
1 5 to ensure the correct axes are employed. For example, use of PLZT in such a 
device design can produce orders of magnitude greater phase delay along a 
modulator site due to the larger electro-optic coefficient. However, the caystal 
must be oriaited in a manner such that the applied electric field interacts with the 
optical field through the qjpropriate axes of the crystal. 
2^ ^ t^c case of lithium tantalate, the geometry represented here is 

shown as y-cut, meaning that light propagates along the y-direction and electric 
field is applied along the z-direction. For best results, the light traveling through 
the modulator is polarized along die x-dfrcction (transverac direction). For the 
purposes of the electrically controllable de-speckling modulator discussions, light 
25 propagation direction will be refcned to as the c-axis so that there is no confusion 
between the crystal axis and the propagation axis. G^ote : Figs. 3, 4, and 6 use the 
standai-d coordinate system for electro-optic crystals, whereas Figs. 1. 2, 8, 9. and 
10 use a typical optical coordinate system, with light propagation along the z- 
axis.) Other cuts and geometries of the crystal maybe employed, but in diis first 
30 cxanqde, y-cut is optimal. 
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Fig. 4 shows a cross section of the electrically controllable de- 
• speckling modulator 160 with a beam of light 320 propaganng along the y-axis of 
the modulator. It may be advantageous for the input and output facets of the 
modulator to be antircflcction coated. Furtfaemiorc, since the device effectively 
5 perturbs phase fronts, it should be recognized that input light to the modulator can 
come from a variety of sources simultaneously. The electrically controllable de- 
speckling modulator 160 may operate on several wavelengths and angular extents 
simultaneously. 

A single modulator site can be defined as the region between top 
10 and bottom electrodes 385 and 400. A ray of light, as defined along the x- 

dircction of Fig. 3 popagates along the crystal between top and bottom electrodes 
385 and 400. Light passing through that region acquires a phase change Atfi 
defined as follows: 

A(|i=:(5cA)n^r33lV/d (i) 
15 As is seen in Eq. 1, the phase change is a function of applied 

voltage V. length of propagation 1, distance between clectiDdes d, wavelength of 
light X, refractive index n, and the r33 coefficient for y -cut Lithium tantalatc. 
Given reasonable fabrication parameters such as propagation lengths from 5-50 
mm, thickoess of 500 ^ns, and illumination wavelength in the red spectrum, phase 
20 delays of as much as several wavelengths can he generated for operating voltages 
between OV and 160V. Understandably, all the input parameters can be altered to 
render more or less delay along a given channel or modulator site. All delays 
have been represented by distance or number of waves. It is equivalent to discuss 
delay as a time delay given by the distance of delay divided by the propagation 
25 velocity of the light in the medhira. 

Referring back to Fig. 3, a plurality of modulator sites 350, 355, 
360 is defined by several regions such as the one shown in cross section in Fig. 4. 
A top electrode 385 and bottom electrode 400 defines each modulator site. Tt may 
be useful on fabrication to have a common unpatteraed electrode on one side of 
30 the device as opposed to patterning both the top and bottom of the device. This 
allows modulation through differential voltage applied to the electrodes on one 
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side of the device. The de-speckling moduJator is electrically controllable in the 
sense that the device consists of a series of modulator sites which are addressed by 
a patterned electrode structure, and which can respond individually or in groups, 
to pre-deterrnined applied control signals. Each modulator site can be operated 
5 indqjendentiy through means of different implied voltages, different address 
times, or combinations of both. The electrically controllable de-speckling 
modulator 160 can be used as either an analog voltage diiven modulator, a pulse 
width modulated device, or a combination of both. The control signals applied to 
the de-speckling modulator could also be derived from a feedback loop, which 
1 0 monitored the reduction of speckle visibility or contrast, and then adjusted to drive 
signals to maintain or forther reduce speckle magninide. The width of any given 
electrode along the x-dircction can be anywhere from sub-wavclcngth in width to 
Utcrally millimeters in width. 

It may be of use to periodically switdi the polarities of the top and 
1 5 bottom electrodes, or to introduce a blanking pulse. Such bi-polar operation 
allows dissipation of space charge in the bulk dectro-optic substrate 370. 
Furthemiorc, because the operational voltages can be quite high and because the 
optical field may not be well contained, the electrodes may be patterned with 
material such as Si02 under the electrode to act as a buffer layer 405 (see Fig. 4). 
20 Also, an overcoat 410 of acrylic or odier insulating material may be applied to 
prevent arcing in air. 

The device stnicture provided for the electrically connoUable 
electro-optic dc-speckling modulator 160 of I'iga. 3 and 4 is only one example of 
this type of de^peckling modulator that could be used in a laser projection 
25 display. A second such example is shown in cross section in Fig. 6a, where each 
modulator site coosists of a scries of electrodes 420-435 spaced along the y-axis 
• of the crystal. A modulator site can be activated using all or a subset of the 
electrodes, for instance electrodes 420, 425, and 430, thus providing variable 
delay even with a single drive voltage. Each electrode (which have distinct 
30 lengths) can be driven such that the appUed voltage in conjunction with the 
electrode length can give different known fractions of wavelength delay. For 
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iastancc, the first electrode may produce a 1/8 wavelength delay, the second 1/16, 
the third 1/32, and so forth. Hie applied voltage can be adjusted such that the 
same length of electrode renders the same number of wavelengths delay for 
different wavelengths of ligiht Additionally the electrodes can be modulated in 
5 time individually within each modulator site thus ftirthcr randomizing the phase. 

Another example of an electrically controllable de-speckling 
modulator useful in a laser projection display, is shown in Fig. 6'b. The modulator 
has added complexity, but greater control as compared to that shown in Fig. 6a. 
Fig. 6b has different local electrode gconietrics between adjacent modulator sites. 
10 By spacing electrodes 390, 392, 395 within a modulator site (350 for example) 
and staggering electrodes 390, 397, 399 between adjacent/nearby modulator sites, 
the modulator is less prone to electrical cross talk eifccts shown in Fig. 5c. 
Similar results can be achieved by allowing space between electrodes both 
between acljacent modulator sites 350, 355, 360 as well as within a single site 350. 
15 On ttic other hand, as the electrically controllable dc-speckling modulator is 

iundamentally a phase scrambler, intended to randomly alter the phase fronts of 
the incident light in localized areas, the introduction of cross talk between 
modulator sites can hdp die intended result by introducing further phase 
variations. In the event that the designer wishes to contain cross talk effects, the 
20 electrodes will need sufficient gaps between them to prevent cross talk. It should 
be understood that there are other exemplary structures for die electrically 
controllable de-speckling spatial light modulator, beyond those depicted in Figs. 
3, 6a and 6b, which could be conceived of, and which could be used within a laser 
proj ection display 100 according to the present invention. 
25 Because the ^pearance of speckle can be reduced both by spatial 

variations to the lateral phase profile or by dme variations between adjacent 
regions, the operation of fbe electrically controllable de-spedding modulator can 
be modified to accommodate both. In the first case, a lateral electric field 
distribution is established as a function of address to the electrodes. This 
30 distribution, in turn, defines a lateral phase perturbation. In the case of temporal 
variation, the same field profile may be cnq>loyed at different sites. However, in 
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time, the relative fields arc varied such that adjacent regions are out of phase with 
each other. Ideally, a combmation of both methods of operation, as shown in Fig. 
5d, provides the best result 

An electrically controllable de-speckling modulator 160 can 
5 function to distort or scramble the phase fronts of the incident light 

Conceptually, this effect is illustrated in Figs. 7a and 7b for Ac case of coUimatcd 
light, with plonar parallel wave fh>nts 325 directed at normal incidence onto the 
modulator 160. As illustrated in Fig. 7a, zero drive voltage is applied to the 
modulator 160, and thcwavc fronts 325 emerge unaltered. As illustrated in Fig. 
10 7b, voltages are applied to the modulator sites 350, and distorted wave fronts 330 
emerge from the device. Figs. 7c and 7d illustrate the equivalent cases, vstere an 
electrically controllable dc-spcckling modulator 160 is located in convergent 
space within an optical system. Tt should be understood that these wave front 
distortions are exaggerated in extent and only repnesentativB of tfie general 
15 concepts. They arenot necessarily depictions of wave fronts located 131 ^art. 

While an electrically controllable de-speckling modulator 160 can 
distort wavefronts by providing spatial and temporal phase perturbations, the 
ability of the modulator to ofiFcctthe qppeomnce of speckle also depends on the 
design of the system in which it is used The present invention predominately 
20 considers the case where the electrically controllable dc-spcckhng modulator 
provides a small delay along a modulatOT site compared to the coherence length 

« Cl) of the light source. Indeed, lasers can have coherence lengths ranging 
from fractions of a mm to several meters in extent (0. 1-5.0 mm for 
Red/Green/Bluc optical parametric oscillator type lasers), whereas, the lithium 
25 tantalatc based de^peckle modulator will only provide a few waves of delay. 
Thus, Bs previously stated, this device can be used to cause tunc variant wave 
front distortions or abrarations, but not to directly alter the spatial or temporal 
coherwice in an appreciable way. Fortunaldy, the time and space variable phase 
can be used to vary or average the speckle within the projected image, thereby 
30 reducing the perceptibility of the speckle if the variations are more rapid than the 
response time of the human eye. 
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Oa the other hand, an dectrically controllable de-speckling 
modulator could be used in a system where the provided phase delay is on the 
same order as the coherence length of the light source (4<t) - Cl). For example, 
the typical white light source, such as an arc lamp, emits light with a coherence 
length Cl and width only several wavelengths in extent, which is comparable to 
the phase delay from the lithium tantalate based device. Altcniatcly, an 
electrically controllable de-speckling modulator with about 1.0 mm of delay, 
could be paired with a small coherence length laser (such as an OPO type laser), 
to again basically match delay and coherence length (A* ^ Cl). In such cases, the 
electrically controllable dc-spcckling modulator can be used in various ways 
within flic optical system to alter both the spatial and temporal coherence directly. 
Tf die controllable phase delay sigm'ficantly exceeds the coherence length of the 
Ught from the Hght source (A* » CJ, even more dramatic eflFccts can be realized 
with an electrically controllable de-speckTing nx)dulator UO. 

The effectiveness of the electrically controllable de-spedding 
modulator 160 in reducbg speckle visibility depends both on the structure and 
performance of the specific device (Figs. 3, 6a and 6b show such exen^laiy 
devices) and the manner in which it is used within laser projection display 100. In 
particular, an electrically controllable dc-spcckling modulator J60 may be located 
20 prior to the first lenalet array 17«a of fly 's eye integrator 1 75 as depicted in Figs. 
1 and 2a, or within fly's eye integrator 175 as depicted in Fig. 2b, or similarly 
after the second Icnslet amy J78b of fly's eye integrator 175. In the typical fly's 
eye integrator based optical system used to illuminate a one dimensional device 
(spatial light modulate 200), the number (N) of Tcnslets in each lenslet array 
25 (1 78a and 1 78b) is relatively small, with 6-20 Icnslcts providing adequate light 
uniformity. By comparison, Ac typical spatial Kght modulator 200, will be an 
array comprising a relatively higji number (M) of tightly packed pixels, with 
between 256 to 4096 pixels scrying most applications. The number (P) of 
modulator sites in the electrically controllable de-spcckling modulator 160 of 
30 Figs. 1 and 2 is determined by their effectiveness in reducing speckle visibility. 
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and is not tightly dependent on cither the number (N) of Icnslcts or the number 
(M) of modulator pixels. 

Assuming Uiat ekcti-ically contiollable de-speckling rnodulalor J60 
is operating under the condition that the phase change or delay it introduces is 
5 small relative to the coherence length (Aifr « Cl) of die laser light beam (a few 
wavdengths vs. a few ram), then electrically controllable de-speckling modulator 
160 can be used to locally alter tfie wavefronts of the light beams, as in Figs. 7a-d. 
In this case, there will be many modulator sites per lenslct (P»N). Jn order to 
modify (distort) the wavefronts of imaging beams of lights within the illumination 
1 0 system, electrically controllable de-speckling modulator 160 is used in the far 
field of the imaged plane (or in one of its conjugate planes). Thus, in the Fig. 1 
system, where electrically controllable de-spedding modulator 160 is located 
prior to the first lenslet airay 178a. and where this lensiet anay is image conjugate 
to the spatial light modulator 200. electrically controllable de-speckling modulator 
15 1 60 is minimally offset from the lenslet array by more than the depth of focus 
(DOF), said is optimally in the far field of this conjugate plane (approximately 
>10*DOF). 

Similarly, as shown in Fig. 2b, if electrically controUable de- 
speckling modulator 160 is located between first lenslet anay 17ga and second 
20 lenslet anay 17«b, and in proximity to second lenslet air^ 178b, then electrically 
controllable de-speckling modnlator 160 is by definition located in the far field of 
the first lenslet array, and can therefore phase alter the wavefront structure As the 
optical system can deliberately be designed to have the light underfill the Icnslcts 
of the second lenslet array 178b, the required fill factor for the electrically 
25 controllable de-speckling modulate 160 can be reduced, which may pemut 
alternative and less demanding electrode addressing schemes to the modulator 
sites. Similarly, electrically controllable de-speckling modulator 160 could be 
located after second lenslct array 178b, and most 1 ikely between second lenslet 
array 178b and condense lens 185. For these various cases, the wavcfiunt 
30 aberrations induced by electrically controllable de-speckling modulator 160 
mostly effect the localized interference of wavefronts which contributes to the 
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creation of speckle. This configuration may aJso efifect the quality of the imaging 
provided by the beam shaping optics, thereby causing some softness at the edges 
of the illuminated area. 

Altemately, for tfiis same case where the electrically controllable 
5 de-speckling modulator 160 provides phase changes or delays which are small 
relative to the coherence length (A<J> « Cl) of the laser light, the electrically 
controllable dc-speckling modulator can be positioned within the optica! system to 
act more like a diflFiiser which scatters or diflracts light, rather than altering the 
imaging wavefronts within the iUumination system In this case, the number of 

10 modulator sites is large compared to die number of lenslets (P»N), and the 

electrically controllable de-speckling modulator 160 is located in the near field of 
the imaging plane within the Ulumination system. Hiat is, electrically controUablc 
de-speckling modulator 160 is nominally located just before or just after first 
lenslet array 178a, and should be nominally within the near field (<1 0*DOF) of 

15 die conjugate image plane (conjugate to the image plane at spatial light modulator 
200). 

If, on the other hand, it is assumed that electrically contiullable de- 
spcckling modulator 160 is operating under the condition that the phase change or 
delay it introduces is on the same order as die coherence length (A<j> - Cl) of die 
20 light from die laser source 110. then die device can directly effect the relative 
temporal coherence of die Ught for one light beam relative to anodicr. In this 
case, if the number of modulator sites is identical to the number of lenslets (P=N), 
and the modulattM" sites are aligned to correspond to a given lenslet of lenslet array 
178a, the temporal coherence is altered for the light beam transiting a given 
25 lenslet and modulator site, relative to die odicrs. Each beam will create its own 
speckle pattcm widiin the illumiaated area at spatial light modulator 200, but the 
ensemble speckle will vaiy in time as the modulator sites are randomly driven. In 
this case, electricafly controUable de-speckling modulator 160 can be located prior 
to first lenslet airay 178a, but widiout any strict far field or near field positional 
30 restriction. Likewise, electricaUy contix)llable de-speckliag modulator 160 can be 
located between die first lenslet array 178a and second lenslet array 178b, or just 
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after second lenslet aiTa>' 178b. This configuration would work even better if the 
phase delay is significantly (2x-3x or more) larger than the coherence length 
(A4)>Cl). 

Alternately, an electrically controllable de-spedcling modulator 
5 160, operating under the condition that the phase change or delay it introduces is 
on the same order as the coherence length CO of the light from the laser 
source 110, such that the electrically controllable de-speckling modulator can 
directly effect the relative temporal cohei^cc of the transiting light, can be 
provided within laser display 100 with a number (?) of modulator sites greater 
10 than the number(N) of Icnslcts (P>N). In this case, tic electrically controllable 
de-speckling modulator can be used to randomize (he coherence spatially across 
each lenslet airay , and thus across the spatial hght modulator 200 and screen 315. 
In this example, electrically controllable de-speckling modulator 160 is not used 
to alter the wayefronts with small phase aberrations, but to alter the coherence of 
15 one spatial area relative to another, and effectively synthesize a neariy incoherent 
source. If the number of modulator sites is modestly greater than the number of 
lenslets (P=8*N for example), the dectrically ccntroUable de-speckKng modulator 
160 can be located prior to first lenslet anay 178a, but without any strict far field 
or near field positional restriction (as long as the modulator sites are not small 
20 enough to diffract, scatter, or diffuse appreciable light). In this case, the beam of 
light passing through each lenslet is split into relatively large adjacent regions, 
with the temporal coherence varying amongst the regions. However, if there are 
many modulator sites relative to the number of lenslets (P»N), such that the 
electrically controllable de-specUing modulator 160 functions more like a 
25 difluser, then de-speckliug modulator 1 60 should be located in the near field of 
first lenslet arr^ 178a. In that case, electrically controllable de-speckling 
modulator 160 may be located just before (r just after lenslet array 178a, and 
should be nominally within the near field (<1 0*DOF) of the conjugate image 
plane (conjugate to the image plane at spatial light modulator 200). These 
30 configurations would wodc even better if the phase delays provided by de-speckle 
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mcdulator 160 aie significantly (2x-3x or more) lai^cx than the coherence length 

In summary, laser display system 100 is designed to provide a 
projected image on a distant screen 215 that is free from perceptible speckle, by 
5 using a comWnation of speckle rcductiou/de-correlation techniques. The use of 
difRiser 150 not only rc-dcfincs the effective lagrange or etendue of the light, but 
also breaks the coherent incident beam into a multitude of smaller, less spatially 
coherent wavcfionts. Thus use of a light integrating system, such a5 fly's eye 
integrator 175, which divides the light into beamlets which are reimagcd to create 
10 a uniform area of illuminaticm, also provides further speckle reduction by 
overlapping flic many local contributions from the diffiiser across the screen. 
Finally, the use of electrically controllable denspeckling nrxxlulator 160 provides 
means to disrupt the local phase of portions of the illuminating light, relative to 
other portions of the ilbminating light, thereby altering the local spatial and/or 
15 temporal coherence relationships. This allows either the local wavcfront phase 
structures, the temporal cdicrence relationships between wavefrcnts, or the 
temporal coherence across spatial areas to be altered Fuithemiore, it should be 
noted that apeckle reduction in laser display 100 could have diffuser 150 attached 
to a motion mechanism, which imparts a linear, rotary, or random motion to the 
20 diffiiser. such ftat the diffiiser 150 moves by at least the ckaractcristic feature size 
of the difiusing surface. The fiequency of die motion must be f^ter than the 
flicker frequency {> 40 Hz). Speckle visibility is then flirthcr reduced by 
decorrelating the speckle pattern by time averaging the position and magnimdc of 
the speckle in local areas across the full spatial extent of the image. 
25 Depending on its construction and operation, the electrically 

controllable de-speckling modulator 160 may impart sufficient phase 
perturbations, such as diffracuon or scatter, to the light beam to actually cause the 
source lagrange or etendue to be measurably increased. In the case of projection 
systems designed with a linear spatial light modulator 200 requiring a relatively 
30 coherent illumination in the airay direction, a small change in source lagrange 
provided by the electrically controllable de-speckling modulator 160 may be 
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10 



sufficient to meet the imaging requirements of the projection system In that case, 
the lasei- display system 100 may be constructed without a difluscr 150. 

It also should be understood that the cross array optics in Figs. 1 
and 2a show a simplified optical system with just one cylindrical lens, cross array 
condenser 195. Cross arrc^ condenser 195 conditions the light beam in the cross 
array direction, to optimize it for interaction with linear spatial light modulator 
200. It should be understood that multiple cylindrical lens elements could be used 
for this beam conditioning. It should also be understood that same of flic lens 
elements within laser projection system 100 prior to linear spatial light modulator 
200 could be spherical, and shape both the array and cross array beams. Likewise, 
projection lens 205 could also include cylindrical lenses (not shown), to provide 
further contixjl of either the array direction or cross array direction spot formation 
at the screen 215. Similarly, it should be understood that cross amy optics (not 
shown) could be pi-ovided prior to electrically controllable dc-spcckling modulator 
15 160 to pre-condition the light beam so as to optimize the interaction of the light 
through the electrically controllable dc-spccklmg modulator. In that case, cross 
aiT^ condenser 195 or equivalent would adapt Ac cross array light beam exiting 
electrically conti-ollable dc-speckling modulator 160 to optimize it for input to 
linear spatial light modulator 200. It should also be understood that alternate 
beam homogenizing optics to the fly's eye integrator could be used In particular, 
an integrating bar/kaleidoscqpe, much as described in (Moulin patent), could be 
used widiin an alternate design for the beam shaping optics 1 70, and provide both 
uniform illumination, as well as a contributory effect to speckle reduction in 
cooperation with difiuser 150 and electrically controllable de-speckling modulator 
25 160. 

An alternate construction for laser projection display 100 is shown 
in Fig. 8, in which a beamsplitter array 240 is used to provide optical path delay 
differences so as to reduce the coherence of the composite laser beam 250. 
Beamsplitter array 240 conqxises an arrangement of (R) partially reflecting 
30 minors, wMch create a series of beamlets 245 with optical path length differences 
(4d) between adjacent beamlets 245 thar are on the order of the coherence length 
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of the laser or larger. Optimally the optical path differences (Ad) arc on the same 
order of size aa the coherence length Cu of the laser IJO. The mirrors of 
beamsplitter array 240 would be paitially transmitting, and partially reflecting, 
with the reflectivity increasing progressively from the first mirror (241 a) to the 
5 last mirror (241e). Although beamsplitter array 240 is illustrated as an array of 
mirrors, prism arrays and other struaures could be used. Beamsplitter array 240 
effectively works as a beam expander, using the R bcamlcts to create a composite 
laser beam 250. However, as the R beamlets travel different optica! path lengths 
(Adi, Ada, Ads, etc, . .) which are comparable to the coherence length Cl, the 

10 temporal coherence of the light will vaiy across the spatial extent of composite 
laser beam 250. Ideally, each of the R beamlets 245 are tenqx^rally incoherent 
relative to the others. However, the scheme is still useful even if the temporal 
coherence changes more slowly, such that groups of beamlets 245 are coherent to 
each other, as these groupings will tend to change randomly in time, as the 

1 5 coherent emissive state of the laser 1 10 fluctuates in time. 

As the typical laser beam 115 has a non-uniform light intensity 
profile (a Gaussian profile being common), each of the beamlets 245 will also be 
non-uniform, and composite laser beam 250 will be non-unifomi as well. As with 
the Fig. 1 system, diffiiser 150 is inserted to change ffae effective source lagrange 

20 or etendue to match the imagiag requirements. Differ 150 also he^s to make 
composite laser beam 250 somewhat more unifbnn and less coherent. Again as 
previously, a fly's eye integrator 175 is used to both improve the illumination 
uniformity and reduce speckle visibility at spatial light modulator 200. However, 
in this case, fir^ lenslet array 178a is designed to have each beamlet 245 

25 illuminate M lenslets, so that eadi beamlet 245 is transformed into uniform 

illumination at the light valve. Thus there are a total of at least VI x R lenslets in 
each lenslet amty 178a and 178b. The effect at the screen 215 is that each of the 
R laser beams will produce their own fine speckle pattern dictated by the diffuser, 
the M fly*s eye lenslet paiis used by a given beam, and the screen. The M x R 

30 speckle patterns wi 11 add incoherently to produce an oycTall averaging even 
without the use of electrically controllable de^peckling modulator 160 or the 
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motion of diffuser 150. Although in some less critical applicatioas, this degree of 
speckle reduction may be sufficient, for critical applications, laser display system 
100 of Pig. 8 is further improved with the addition of electrically controllable dc- 
speckling modulator 1 60. As the temporal coherence within composite laser beam 
5 250 is already significantly variable, electrically controllable dc-spcckling 

modulator 1 60 can be used to alter the phase waveftonts within the beanilets 245, 
assuming the applied phase change is small relative to the coherence length 

« Cl). As with the prior discussion, electrically controllable de-speckling 
modulator 1 6Q can be positioned (see Fig. 8) within laser display 100 in advance 
10 of first lenslet array 178a, such that it is in the far field (well outside the depth of 
focus (DOF)) of the conjugate image plane of beam shaping optics 170. 
Similarly, as previously, electrically controllable de-speckling modulator 160 can 
be located in the downstream far field of the conjugate image plane, in proximity 
to second lenslet array 178b, either before as in Fig. 2b, or after. Alternately, if 
15 electrically controllable de-spcckling modulator 160 provides phase changes 
comparable to the coherence lengdi (A^ - Cl), the modulator can be used to vary 
the temporal and spatial coherence across regions williia each of the M lenslets, 
where these regions arc relatiycly large compared to the wa^ength of light (to 
n«ther scatter nor diffuse). 
20 Thus far, this invention for a laser display system utilizing both an 

electrically controllable de-speckling modulator and a spatial light modulator for 
imparting image data, has beai dcscrihed with respect to the use of one 
dimensional light modulatc3is. There are a wide variety of two dimensional (area) 
spatial light modulatois which can be used in electronic projection systems, with 
25 liquid aystal light valves s (LCDs) and miaxwncchanical mirror arrays (including 
the dig;Ltal mirror devices (DMDb) fi-om Texas Instnancnts) being the most 
prominent Relative to the laser display system of Fig. 1, the primary impact of 
switching from a one dimensional spatial light modulator to a two filrnflnffjctnfll 
type, is that both the illumination optics and the electrically controllaMe de- 
30 speckling modulator 160 must be modified to work two dimensionally. In that 
case, the fly's eye integrator 175 typically use fly's eye lenslet arrays 178 (a,b) 
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laid out in a two dimensional pattern, where the lenslcts have spherical surfaces. 
Likewise, diffuser 150 provides controlled two dimensional (or spherical) 
diffusion, rather than the onc-dimcnsional diffusion preferred in the Fig. 1 linear 
system. Such diffiisere are available as holographic difFusers from Physical 
5 Optics Coip. or a randomized microlens array from Coming - Rochester 
Photonics Coip. 

The various exaij:^)les of spatial Ught electrically controllable de- 
speckling modulator 160 detailed in Figs. 3, 4, 6a and 6b arc one dimensional or 
linear devices. It is possible to constmct a two dimensional electrically 
10 controllable de-speckling modulator by stacking a series of these devices, or by 
placing a scries of these devices rn offset locations within the optical system. It 
should also be understood that other types of electrically controllable de-speckling 
modulators can be designed^ which use other electro-optical materials more 
conducive to use as a two dimensional stmchjre, which could then be placed in a 
1 5 laser display system with a two dimensional image modulating spatial light 
niodulator airay. 

For example, Fig. 9 shows a cross scctianal view of a laser 
projection display 100 using an area type modulator array, such as an LCD. As 
before, laser 110 emits a laser beam 115 which is pcc-conditioned by beam 
20 expansion opdcs 120, difiuscr 150, and beam shaping optics 170 to illuminate a 
spatial light modulator (liquid crystal display 255). And as previously, diffiiscr 
150, fly's eye integrator 175, and electrically controUabJe de^peckling modulator 
160 all contribute to reduce die presence of speckle across two dimensions at the 
spatial light modulator and at the sawn 215. Unlike the system of Fig. 1, in the 
25 system of Fig. 9, a two dimensional on screen image is not formed by scanning, 
but by using projcctiou lens 205 to directly image the spatial light modulator 
(liquid crystal display 255) to the screen 215. The iUumination light passes 
through a pre-polarizcr 260, and a polarization beam splitter 265. Liquid crystal 
display 255 modulates the illimrinating light, rotating the polarization state of this 
30 light on a pixel by pixel basis, according to the ^plied coimnand signals. 

Modulated image bearing light beam 275, which is directed to the screen 215 by 
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projection lens 205, is funned by polarization rotated light which renects off 
polaiization beam splitter 265. NominaiJy polarization analyzer 270 is used in a 
crossed orientatioa, to define the daik state. As the typical laser source emits 
polarized light, it may not be necessary to utilize pre-polarizer 260 m the laser 
5 display 100 of Fig. 9. In this case, it would be necessary that laser beam 115, as 
emitted by laser 110, be sufficientiy polarized (lOa I for example), and that 
neither diffuser 1 50 or electrically controllable de-spcckling modulator 160 
significantly degrade this innate polarizalioa contrast 

Similarly, Fig. 1 0 shows a cross-sectional view of a laser projection 
1 0 display using a micio-mechanical nriiror array 280, such as the DLP chip 

available from Texas Instruments. Unlike systems using a liquid-crystal spatial 
light modulator, which rely on controlled polarization effects to modulate the 
light, the micro-mechanical mirror arr^ 280 utilizes angular control of the 
beamlcts of light on a pixd-by-pixel basis. This system is substantially the some 
15 as the system shown in Fig. 1 , except the illumination converges to aa apemire 
290 beyond the micro-mechanical raiiror light array 280. Ikdividual pixels are 
formed by micromirrois that either direct light through the aperture 290 of the 
projection lens 205. cr toward a stop 285 {i.e. a Schlicrcn optical system). Pad 
brightness is controlled by selecting the proportion of time within a frame that 
20 light is directed through the lens apcrtmc 290. This type cf system can be 

constiucted either wifli a two dimensional spatial hght modulator anay, a 2D fly's 
eye system, and a 2D electrically controllable de-speckling modulator 160 as in 
Fig. 10, or alternately with a ID spatial light modalator array, a ID fly»s eye 
system, a ID electrically controllable de-speckling modulate 160, and a scanner, 
25 such as the galvanometer used in Fig. 1, 

For simplicity, the invention has been demonstrated with a single 
laser beam and single spatial light modulator, although the broader discussion has 
been directed towards a full color RGB projection dispf^. It should be 
understood that a system can be constructed with separate red, green, and blue 
30 light beams which follow separate optical paths to illuminate the respective red, 
green, and blue spatial light modulators. The modulated light beams would be 
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color combined, typically by an x-prisra located before the projection lens, and the 
resulting light beam would be imaged to the screen to provide a polychromatic 
image. The separate red, green, and blue beams can originate fixim three separate 
lasers, from one OPO ^pc laser package using a combination of non-linear optics 
to output three beams, or from an OPO type laser package integrated to provide a 
single white light laser beam output, which is subsequently color split. 
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1 00 laser display system 

110 laser 

1 15 laser beam 

120 beam expansion optics 

125 diverging lens 

1 30 diycrging beam 

140 collimating leas 

145 collimatcd beam 

150 diffiiscr 

1 GO electrically controllable de-speckling modulator 

1 75 fly *s eye integrator 

178a first lenslet array 

1 78b second lenslet array 

1 80 beam shaping qptics 

185 condenser lens 

190 field lens 

1 95 cross airay condenser 

200 linear spatial light modulator 

205 projection lens 

210 galvanometer mirror 

215 screen 

220 line image 

225 area image 

240 beamsplitter amiy 

241(a-e) mirrors 

245 beamlcts 

250 composite laser beam 

255 liquid crystal display 

260 prc-polarizcr 
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265 polarization beam splittcsr 

270 polarization analyzer 

275 modulated image bearing light beam 

280 micro-mechanical mirror array 

285 stop 

290 aperture 

320 light 

325 wave front 

330 distorted wave front 

340 input facet 

345 output facet 

350 modulator site 

355 modulator site 

360 modulator site 

370 bulk material or substrate 

380 delay region 

385 top electrode 

390 electrode 

392 electrode 

395 electrode 

397 electrode 

399 electrode 

400 bottom electrode 
405 buffer layer 
410 overcoat 

420 electrode 

425 electrode 

430 electrode 

435 electrode 
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WHATIS CLAIMED IS: 



1, A display apparatus, comprising: 

a) a laser light source for emitting a light beam having a coherence 

length; 

b) a beam expander for expanding the light beam; 

c) a spatial light modulator, 

d) beam shaping optics for shying the expanded laser beam to provide 
imifDrm iUximination of the spatial light modulator, the beam shying optics 
including a fly's eye integrator having an array of Icnslets; 

e) a diffuser located in the light beam between the laser light source 
and the beam shaping optics; 

f) an electrically controllable de-speckling modulator for modifying the 
temporal and spatial phase of the light beam; and 

g) a projection lens for producing an image of the spatial light 
modulator on a distant screen. 
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FIG. 3 
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ABSTRACT OF THE DISCLOSURE 
A display apparatus includes a laser light source for emitting a light 
beam having a coherence length; a beam expander for expanding the light beam; a 
spatial light modulator, beam shaping optics for shaping the expanded laser beam 
5 to provide uniform illumination of the spatial light modulator, the beam shaping 
optics including a fly's eye integrator having an array of lenslets; a diffuser 
located in the light beam between the laser light source and the beam shaping 
optics; an electrically controllable de-speckling modulator for modifying the 
temporal and spatial phase of the light beam; and a projection lens for producing 
1 0 an image of the spatial light modulator on a distant screen. 



